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Chapter 1
General introduction
Every year, 10-25 per 1000000 people are involved in an accident or disease resulting 
in a spinal cord injury (SCI). Nowadays, the acute treatment and the rehabilitation has 
been improved so well that the number of complete SCI cases decreases whereas the 
number of incomplete SCI cases increases. Hence, SCI is still a serious problem. 
Beside the disability to walk also numerous other problems may appear, like 
decubitus, bladder dysfunction and problems related to the cardiovascular system. 
Active movement of the legs may reduce some of these problems. Indeed, a well 
functioning muscle pump will improve the blood circulation and thereby decreases 
decubitus and vein problems. Therefore regaining the ability to walk remains a major 
goal in the rehabilitation program for the disabled bodied patients.
The last decades, novel therapies have been developed for treatment of SCI. Among 
them treadmill training was one of the most successful innovative method to improve 
the locomotor function (Dietz et al. 1994). This new method was based basically on 
neurophysiological studies performed with animal, e.g. cats. Two important factors in 
the regulation of gait could be identified.
The first factor was unloading, which occurs alternating on the two sides during 
walking at the end of the stance phase. It was shown that unloading the leg formed an 
initiating factor for the swing phase (Duysens and Pearson, 1980, Hiebert et al. 1996, 
Pearson et al. 1998), while loading inhibits the initiation of the swing phase. This is 
probably due to inhibition of the flexor burst generator, a system in the spinal cord 
which activates the flexor muscles. As soon as the loading disappears, this generator is 
not inhibited anymore and the limb will start flexing. This is important because during 
walking, this unloading-loading pattern occurs during every step.
The second factor was hip extension. The hip joint is extended at the end of the stance 
phase. Animal studies, mainly in the cat, showed that the swing phase is initiated when 
the hip is in extension. Grillner and Rossignol (1978) stressed this feature by manually 
extending the hip, i.e. holding one of the hind paws during walking. At one point, 
when the hip angle is very close to the hip angle at the initiation of swing, the limb 
flexes and initiates the swing phase.
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Both factors are good examples of fundamental knowledge which can be used for 
improving therapy for persons with walking disabilities. On the other hand, questions 
raised in therapy can help fundamental research. For example, it has been shown that 
arm movements themselves are important in restoring gait (Eke-Okoro et al. 1997). 
Swinging the arms in anti-phase direction is important for stabilising the body and 
affecting locomotor patterns. However, the way these arm movements influence the 
walking pattern is not well investigated in humans so that questions remain about the 
role of these movements in healthy human beings.
Another example is body loading: it is known that body unloading is important during 
treadmill training, but it is not known what exact role load information plays in 
relation to reflexes that occur during walking. For example, do we adapt our reflex 
responses when we walk with a backpack and if we do, in which way? Do they 
increase, decrease or do they remain the same? As observed in animal studies, we 
know that hip joint position is important for the walking pattern, but we do not know 
how it influences reflex responses.
In this thesis experiments are described aimed at answering some of these questions. 
The main aim of the thesis was to investigate the influence of body loading and arm 
movements on reflex responses during walking in healthy humans. These questions 
can be divided into two topics:
A. Sensory interactions during walking.
A lot is known about several reflexes (such as cutaneous reflexes) during walking 
but not much is known about the interaction between different types of afferent 
input (e.g. load or hip angle) and those reflexes. To gain more insight into these 
processes is important. Brooke and co-workers (1997), for example, showed that 
H-reflexes can be influenced by movement-related feedback. In this thesis the 
following interactions are investigated:
• loading the legs -  cutaneous reflexes (chapter 2)
• movement related feedback -  cutaneous reflexes (chapter 3)
• loading the legs -  proprioceptive reflexes (chapter 4)
• hip angle -  nociceptive reflexes (chapter 5)
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B. The role of arm movements during walking.
From animal studies, it is shown that interlimb co-ordination occurs between the 
four limbs during gait. Interlimb reflexes couple hindlimbs to the forelimbs and 
play an essential role in co-ordinating the limbs during locomotion. Does this 
interlimb co-ordination also exists in humans? What is the type of control of this 
co-ordination? To answer this type of questions, the role of arm movements is 
investigated:
• during different locomotor related motor tasks, like swimming and walking 
(chapter 6)
• by evoking of interlimb reflexes during arm movements during walking 
(chapter 7)
Short description of the performed experiments:
In chapter 2, the influence of body weight on the modulation of cutaneous reflexes is 
investigated. Stimulating the sural nerve, which innervates the lateral side of the foot, 
can evoke those reflexes. This nerve is a sensory nerve, and therefore, does not evoke 
motor responses (i.e. muscle contractions). During stimulation, the electromyographic 
activity (EMG) in different leg muscles (tibialis anterior (TA), gastrocnemius medialis 
(GM), biceps femoris (BF) and soleus muscles, (SO)) was recorded. The subjects were 
walking on a treadmill. During different walking periods, the weight of the subjects 
was altered: the body was either loaded (10% or 30% of body weight) or unloaded (i.e. 
reducing the body weight with 20%, 40% or 60%, see fig. 1.1).
Parachute harness
Counterweight
Surface EMG electrodes
Force platform
Figure 1.1. Experimental set-up treadmill, walking with counterweight.
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During walking, stimulation was given at two times the perception threshold during 
different phases of the step cycle in order to obtain the phase-dependent modulation of 
those reflex responses. The step cycle was divided in 10 phases (10% increments). The 
goal of this experiment was to gain more insight into the exact influence of body 
weight on the modulation of cutaneous reflexes during walking.
In chapter 3, an experiment is described where healthy subjects had to walk in a 
motor-driven gait orthosis (DGO) to determine the influence of the movement of 
walking itself on the responses of sural nerve stimulation. The movement-controlled 
modulation of these reflexes cannot be investigated in isolation when a subject is 
walking actively since active processes may interfere (e.g. input from a central pattern 
generator (CPG)). Therefore, subjects were walking in a DGO, a device where a 
walking pattern can be imposed on the legs so that every step is similar for each 
subject (see fig. 1.2).
This so-called ‘passive’ walking was performed with the instruction ‘let your legs 
move as passive as possible’, i.e. let the device do the walking. As a control condition, 
the subjects walked actively too on the treadmill. Body load was modulated as well. 
The subject was walking with 0%, 60% or 100% body unloading, to observe the 
combination of load and movement on these reflex responses. EMG activity of the 
tibialis anterior muscle of both legs was recorded. This experiment was done to find 
out the influence of movement (i.e. passive walking) on the modulation of cutaneous 
reflex responses.
Figure 1.2. The Driven Gait Orthosis
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In chapter 4, the influence of long-term body load is investigated by looking at the 
reflex responses evoked by a mechanical disturbance. In this study, the subjects 
walked on a split-belt treadmill, and the right belt could be accelerated separately from 
the left one. The subjects were carrying a backpack with the weight of 15 kg. During 
walking compensatory reflex responses were elicited in the right extensor muscles by a 
short acceleration. EMG activity was recorded from the medial gastrocnemius (GMR), 
soleus (SOR) and tibialis anterior (TAR) muscles of the right leg as well as from the 
gastrocnemius of the left unperturbed leg (GML). Measurements were taken during 
walking with normal body load (control), increased body load (i.e. carrying the 
backpack) and after removing the backpack. The acceleration was given in average 
every third step. This experiment was done to investigate the adaptation of reflexes. In 
particular the question was asked if the human reacts to body load, like the cat, with 
increasing muscle activity and with similar reflex responses as during normal walking.
In the fifth chapter, the influence of the hip angle on the flexor reflex is investigated. 
This study is performed in two parts: a dynamic part, where the subjects were walking 
on the treadmill, and a static part, where the subjects were lying on a tilt-table and the 
hip angle could be changed. The latter condition was performed to look objectively at 
the influence of the hip angle on nociceptive reflex responses. From animal studies, it 
is suggested that hip extension is a trigger to induce flexor activity (Grillner and 
Rossignol, 1978). The subjects were attached to a tilt-table and reflexes were evoked 
in two different conditions (see fig. 1.3): (i) supine position (hip extension = 0°) and 
(ii) supine position with 20° hip extension.
Stimulating the posterior tibial nerve at the medial side of the ankle, where the nerve is 
closest to the skin, evoked reflex responses with a latency of about 80 ms. EMG 
activity was recorded from the ipsilateral tibialis anterior (TA). To observe the reflex 
behaviour at different stimulation strengths, a recruitment curve was obtained by 
stimulating with various intensities.
To see if human reflex responses vary during a dynamic task in which the hip angle 
changes continuously, subjects were walking on the treadmill. During different phases 
of the step cycle (mid stance, end stance, onset swing and end swing), reflex responses 
were evoked, again with different stimulation intensities. Those phases were chosen 
because of the hip extension: At end stance and onset swing: the hip is in extension, 
about 20° (comparable with the supine position with hip extension). The end of swing 
phase (hip in flexion) was taken to study the influence of the flexed hip angle on the 
modulation of this reflex response. The aim of this study was to find out if hip angle 
information regulates the modulation of polysynaptic reflex responses during walking.
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AB
20 °
Figure 1.3: Set-up of the tilt-table experiment: supine position without (A) and with extension of the
In chapter 6 the co-ordination between arm and legs is investigated in healthy human, 
performing different locomotor tasks. The subjects were swimming with different 
speeds, or where walking or creeping on a treadmill. Arm as well as leg EMG activity
those activities were measured and analysed to find out if the arm to leg co-ordination, 
follows particular rules during these movements.
In the seventh and final chapter, the neuronal co-ordination of arm and leg movements 
during walking has been investigated with the help of reflex responses to two different 
stimuli, namely mechanical stimulation by displacement (short acceleration or 
deceleration) of one of the treadmill belts, and electrical stimulation of the tibial nerve. 
The latter stimulation was also performed in order to be sure that the reflex responses 
following the mechanical perturbations were not a result of postural reactions, but a 
result of the neuronal coupling between arm and leg.
The stimulations were randomly applied during mid stance and end stance. EMG 
activity was recorded from tibialis anterior and gastrocnemius medialis muscles of 
both legs, and from deltoideus, triceps and biceps brachii muscles of both arms. To 
compare with some static situations, stimulations were also applied during standing, 
sitting and sitting while writing (to have some background activity of the arm 
muscles). These experiments were done to find out if arm reflex responses are related 
to leg muscle activity.
hip (B)
was measured during the different tasks mentioned before. The relationship between
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Chapter 2
Modulation of cutaneous reflexes by load receptor 
input during human walking
2.1 Introduction
Afferent input from load receptors is important for the regulation of gait in rats (Fouad 
and Pearson 1997), cats (Duysens and Pearson 1980; Pearson 1995) and in humans 
(Dietz 1992). For example, in the cat and rat, unloading of the leg is essential for the 
onset of swing phase (Duysens and Pearson 1980; Fouad and Pearson 1997; Whelan 
1996 for review, see Duysens et al. 2000; Pearson et al. 1998; Whelan et al. 1995). 
Recently, similar effects were observed in humans, especially under conditions when 
supraspinal control mechanisms were impaired or incapable to regulate reflexes (for 
example in new-born with immature pyramidal tracts, (Yang et al. 1998), or in patients 
with spinal cord lesions, (Harkema et al. 1997)).
Load during gait has two types of effects. First, from animal studies, it is known that 
the load related input, derived from proprioceptive and cutaneous afferents, can induce 
reflexes, some of which act directly on the CPG (Conway et al. 1987; Duysens and 
Pearson 1980; Gassed et al. 1994; mocker 1998; Pearson 1995; Pearson et al. 1992; 
Whelan 1996). Proprioceptive influences, for example body loading and unloading, 
have a strong facilitatory effect on the EMG of extensor muscles such as the 
gastrocnemius and soleus, but only marginal effect on the flexor muscles both in cats 
(Gossard et al. 1994; Pearson et al. 1998; Whelan et al. 1995) and humans (Clement et 
al. 1984; Dietz et al. 1992; Dietz and Colombo 1998).
Second, input signalling load can influence transmission in various afferent pathways 
and thereby modulate reflex responses (Brooke at al. 1997). Such interactions have 
been described for postural tasks. From earlier research on cats (Whelan 1996) and 
humans (Clement et al. 1984; Dietz et al. 1992; Dietz and Colombo 1998; Rossi and
A daped from: Bastiaanse CM, Duysens J and Dietz, V (2000) M odulation o f cutaneous reflexes by load 
receptor input during hum an walking. E xperim ental B rain R esea rch  135: 189-198
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Decca 1994), it has been shown that postural reflexes depend on body load. 
Interactions between body load and cutaneous reflexes in humans were investigated 
during standing (Rossi and Decchi 1994). It was found that reflex responses to painful 
stimuli are depressed as a function of body support. Furthermore, there was a 
correlation between postural stability and the size of the reflex responses of the tibialis 
anterior muscle. For gait, the presynaptic modulation of afferent input is itself 
modulated during gait both in cat (Menard et al. 1999) and human (Faist et al. 1996, 
for review, see Stein 1995).
To investigate the effects of load on cutaneous reflex activity during standing, 
Duysens and co-workers (1993) used sural nerve stimulation. Similarly, in the present 
study electrical stimulation of this nerve was used. However, one has to bear in mind 
that during walking, there is a phase-dependent modulation of these reflex responses 
(Duysens et al. 1990; Zehr et al. 1998 for review, see Duysens et al. 2000). 
Functionally it was suggested that this modulation assists to adapt the locomotor 
pattern to the actual ground conditions. In the present study, the role of body load on 
this modulation is evaluated. Therefore, the aim of this study was to investigate the 
effects of body loading or unloading on reflex responses in leg muscles induced by 
electrical stimulation of the sural nerve during different phases of the step cycle.
2.2 Methods
2.2.1 Experimental design
Local ethics committee approval and consent of informed subjects were obtained to 
perform the experiments on 7 healthy subjects aged between 19-36 years (mean ± sd,
25.4 ± 6.0 y.).
The stimulation electrode was positioned at the left ankle at about mid distance 
between the external malleolus and the Achilles tendon, where the sural nerve is 
closest to the skin surface. The electrical stimulus consisted of a train of five biphasic 
rectangular pulses each of 1 ms duration at a frequency of 200 Hz.
To ensure that stimulus conditions remained constant throughout the experiment, the 
stimulating electrode was firmly attached over the nerve with surgical tape. 
Stimulation intensity was measured after each experimental run (see experimental 
protocol).
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2.2.2 Experimental protocol
A detailed description of the methods can be found in previous studies (Duysens et al. 
1990, 1991). The subjects walked on a treadmill (Woodway, Germany) with a speed 
and step frequency, which were comfortable for the individual subject. An experiment 
started with several short periods of walking on the treadmill. In these periods the 
subject was trained to walk at a comfortable, constant pace. Between these periods, 
during quiet standing, the perception threshold (PT) was determined by gradually 
increasing (above PT) and decreasing (below PT) the stimulus intensity. This 
procedure was repeated between the experimental runs and at the end of the 
experiment to ascertain that the stimulus conditions were stable. Arguments for the 
constancy of stimulation have been given in detail in previous publications (Duysens 
et al. 1990, 1996). Therefore, it is assumed that by this approach the stimulus remains 
constant. When a large change (>15%) in threshold was observed following an 
experimental run, this run was discarded. When the change was small, the average 
threshold over the pre- and post-trial sessions was determined and used as a reference 
for that session. In general, the PT appeared to decrease slightly during the first half of 
an hour, presumably because the stimulation electrode, which was firmly attached over 
the nerve with surgical tape, gradually settled within the tissue and thereby changed 
the resistance of the skin. After this initial period, the PT was stable (as was also found 
in our previous studies). Habituation of responses was negligible with the stimulus­
intervals chosen (see Tax et al. 1995 for more details).
The step cycle was divided into 10 periods of equal length (0-90% of the step cycle in 
10% increments) in order to obtain temporal resolution of changes in the reflex 
activity in leg muscles throughout the step cycle. The sural nerve was stimulated with 
an intensity of 2* PT.
One experiment consisted of six task periods (i.e. walking with a loading or 
unloading), each with a duration of 12 minutes. During every task period the body load 
was altered. Following each task period, except the first (baseline condition) a resting 
period of 2 minutes was permitted followed on request by a one minute period of 
walking with normal body load (NBL), to return to baseline conditions.
During the first task period, the subjects were walking on the treadmill with NBL. 
After this period, the body was either unloaded or loaded. During unloading, the body 
was supported by 20%, 40% or 60% of body weight. Unloading was achieved by 
suspending the subjects from a parachute harness connected to an overhead crane. The 
degree of unloading was provided by a counterweight and was varied randomly for
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each subject. Subsequently, a fifth and sixth task period were performed with an added 
body load (BL) of 10% or 30%. Body loading was achieved by wearing a vest with 
different lead weights. To randomise these events, half the experiments began with the 
body load task followed by body unloading (BU), and vice versa with the remaining 
experiments.
The influence of BU and BL on reflex responses during standing was tested in three 
subjects.
2.2.3 Recordings
During all task periods, electromyographic activity (EMG) of the biceps femoris (BF), 
tibialis anterior (TA), soleus (SO) and gastrocnemius medialis (GM) of both legs was 
recorded using surface electrodes. Force sensors (located underneath the treadmill 
belts) provided a record of the force exerted by the legs on the treadmill. The force 
signal indicating left heel strike, and thus the onset of left stance, was used as a trigger. 
Individual step cycles were normalised to a relative time scale of one-step cycle 
starting and ending with the left heel strike.
Triggering of the stimulator and randomisation of trials were performed by a PC-based 
stimulation program. All signals were sampled at a frequency of 1000 Hz. The EMG 
of the muscles and the reflex effects of the electrical stimulus were recorded by an 
EMG amplifier (Madaus Schwarzer, Germany). The force signals from the sensors 
(Kistler K-SHEAR Piezotron acceleration sensor, Switzerland) were used to determine 
heel strike, subsequently were fed to an amplifier (Kistler Multichannel Charge 
Amplifier, Switzerland) and were converted into a computer. The EMG recordings 
were amplified, band-pass filtered (30-300 Hz), full-wave rectified and transferred 
together with the force plate recordings to a computer, where they were analysed using 
SOLEASY (ALEA Solutions, Switzerland).
For each of the 10 phases of the step cycle, 10 electrical stimuli were randomly applied 
in one experimental session. Stimuli were given at the beginning of any one of the 10 
periods. Stimulated steps were mixed with steps without stimulation (control stimuli, 
i.e., a “zero” pulse). The stimulus trains were given with an average interval of 3.5 s. 
For an average speed of 4 km/h, this corresponded to stimulation in about every third 
step. After sampling 10 responses and 10 controls for each stimulus condition (10 
phases), the treadmill was stopped.
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Figure 2.1. Example of EMG responses of the tibialis anterior muscle of the ipsilateral leg. A. Reflex 
data (i.e. reflexes with background activity) during walking with different loading conditions. B. Pure 
responses (subtracted data, i.e. reflex data minus control data) and time window settings (vertical 
dotted lines).
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The overall effects of nerve stimulation on leg muscle EMG activity was obtained by 
averaging 10 trials for all 20 conditions (10 phases with and 10 control phases without 
nerve stimulation) and subsequently by subtracting the resulting control data from the 
corresponding stimulus data ("pure" responses, see fig. 2.1). Hence, for each 
experiment (i.e., loading condition) and for each muscle 10 subtraction traces were 
obtained, corresponding to the 10 phases in the step cycle.
2.2.4 Statistical analysis
The EMG responses were quantified by calculating the mean amplitude over the 
period in which the response occurred. Therefore for each muscle, one fixed time 
window was set around the responses for all 10 phases in the step cycle. The window 
was chosen in such a way that the whole response could be sampled within the 
window limits. The response peaks appeared 70-80 ms after the stimulus and lasted for 
about 30-40 ms. Therefore, the time window was set at 70-110 ms after the stimulus 
over all muscles in all subjects (fig. 2.1B).
To allow comparison of leg muscle activity as a function of phases of the step cycle 
between the subjects, individual mean amplitudes of the averaged reflex responses for 
each condition were normalised to the maximum control amplitude (i.e. largest 
background activity of each subject) obtained during the walking condition with 
normal body load. To determine the reflex responses during body (un)loading, 
individual mean amplitudes were related to the maximum control amplitude obtained 
during each condition. To determine the influence of loading on the reflex responses 
and the influence of different phases on the mean amplitude, statistical significance (of 
the whole population) was determined with an analysis of covariance (ANCOVA, 
significance at P<0.05), with background activity as the covariance. Sometimes, the 
individual responses were tested to see how many subjects showed significant changes 
in reflex responses (ANCOVA, significance at P<0.0033, Bonferoni correction).
The influence of body load on the step cycle duration was determined with the 
Scheffe’s test (significance at level P<0.05).
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2.3 Results
2.3.1 Influence o f  body load on step cycle timing
The influence of body load in 3 loading conditions on the duration of the step cycle is 
summarised in fig. 2.2. During the different loading conditions, the duration of the step 
cycle changed significantly (Scheffe’s t-test, P < 0.05). In 3 out of 6 subjects, the step 
cycle became longer during walking with BU (mean ± sd, 1252 ± 18 ms for 60% BU) 
in comparison with walking with NBL (mean ± sd, 1163 ± 9 ms, see also table 2.1). 
Walking with BL shortened the step cycle (mean ± sd, 1098 ± 4 ms for 30% BL).
Conditions
800
"in 60 0  
j=
<u 40 0  
E
H  200 
0
I*  
I □  stance□  swing
6 0 %  BU 4 0 %  BU 2 0 %  BU NBL 10%  BL 3 0 %  BL 
Body load
Figure 2.2. Duration of the stance phase, swing phase and total step during walking with different 
body loadings. Data are the average over all subjects. * = significant difference (p < 0.05). 
Abbreviations: BU = body unloading, NBL = normal body load and BL = body loading.
When the stance and swing phases were analysed separately, as shown in table 2.1, 
there was no significant difference in stance duration phase between the loading 
conditions (see also fig. 2.2). In contrast, the duration of swing phase was load 
dependent. The more loading applied the shorter the swing phase. Thus, the difference 
in step cycle length was primarily due to change in duration of swing.
Condition (%) Stance 
mean (s) sd (s)
Swing 
mean (s) sd (s)
Total step 
mean (s) sd (s)
-60 BU 0 . 6 6 0.09 0.56 * 0.09 1.26 * 0 . 2 0
-40 BU 0.69 0.04 0.48 0.04 1.18 0.07
-20 BU 0.69 0.04 0.45 0.06 1.17 0.08
NBL 0 . 6 8 0.05 0.46 0.04 1.16 0.09
+10 BL 0.69 0.04 0.41 0 . 0 2 1 . 1 2 0.05
+30 BL 0.70 0.03 0.39 0 . 0 2 1 . 1 0 0.04
Table 2.1: Mean values and standard deviations of the stance phase, swing phase and total step 
duration during walking with different body loads. These data are the mean durations of 6  subjects 
(one subject walked with metronome to walk stable and therefore, is not included here). For 
abbreviations see fig. 2.2. * = significant difference (p < 0.05).
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2.3.2 Influence o f  body load on background activity
During standing, there were no changes in reflex responses. Fig. 2.3 shows the 
loading/unloading effects on the background EMG activity of BF, TA, SO and GM of 
the left (ipsilateral) leg during walking. Three walking conditions are shown: normal 
body load (NBL), body loading (30% BL) and body unloading (60% BU). In all 
subjects, there was a strong effect of body unloading on the GM EMG activity in both 
legs compared with NBL walking. This activity was significantly reduced with less 
body weight (ANCOVA P< 0.05). During body loading the amplitude of GM EMG 
activity increased slightly (difference not significant). SO reacted similarly but during 
unloading the activity did not decline as much as the GM activity.
In contrast to GM and SO, the TA was more activated at unloading than during 
loading. The difference in EMG amplitude between the different loads was significant 
(ANCOVA P< 0.05). The difference in activity was not only present in the form of 
larger amplitudes but also in the form of longer bursts in all subjects. This means, TA 
was longer active during the step cycle (fig. 2.3) and was accompanied by a co­
activation of SO during unloading.
BF was stronger activated during BL and less during BU compared to NBL. In 4 
subjects, a second peak activity appeared during mid-stance during 60% BU (fig. 2.3). 
This peak did not occur during NBL or BL in these subjects.
2.3.3 Influence o f  body load on EM G reflex amplitude
In response to the sural nerve stimulation during the step cycle, all 7 subjects showed a 
facilitatory response with a latency of 70 ms, most pronounced in TA and BF of the 
ipsilateral leg. The amplitudes of these responses differed considerably. In TA and BF 
the largest responses were about 3 to 4 times background activity, respectively, while 
for GM and SO they were only 1.5 to 2 times background activity.
To determine the significance for the pure reflex amplitude in each phase the reflex 
amplitude was statistically corrected for background EMG activity by using the 
ANCOVA test. All reflex responses were individually observed. There was a 
significant difference if P<0.0033 (Bonferoni correction).
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BF 30% BL NBL 60% BU
Figure 2.3: Loading/unloading effects on the EMG activity of the different muscles of the ipsilateral 
leg during walking without stimulation. TA, SO and GM Megs are the averages from all subjects. BF 
EMG’s are the averages from the 4 subjects who had the extra EMG burst during walking with 60% 
BU. Abbreviations: BF = biceps femoris, TA = tibialis anterior, SO = soleus, GM = gastrocnemius 
medialis.
Generally, when compared individually with NBL, significant differences in reflex 
amplitudes were observed only for 60% BU, 40% BU and 30% BL. Therefore, only 
the results of these loads are presented here. In all muscles, reflex responses were 
larger with body unloading and reflex responses were larger in the ipsilateral 
(stimulated) than in the contralateral (non-stimulated) leg. The largest differences were
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observed in the 60% BU condition, at mid- and end of stance of the ipsilateral leg 
(phases 20, 30, 50), and at mid and end of swing (phases 70 and 80). The 30% BL 
resulted in significant differences in these phases, but not so frequently as in the BU 
conditions.
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0 60 80 0 20 40 60 802 0  40  
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% step cycle
Figure 2.4: Reflex reversal of the tibialis anterior muscle of the ipsilateral leg in different loading 
conditions. Data are from one person. During walking with 60% BU the reflex reversal disappears. 
Abbreviations: NBL = normal body load, BU = body unloading.
The reflex responses to sural nerve stimulation varied as a function of the phase where 
the stimulus was applied. In 5 subjects, a reflex reversal (i.e. reversal from facilitatory 
to suppressive responses) occurred in TA at the end of swing during walking with 
body loading. A representative example of this reflex reversal is given in fig. 2.4. 
However, during 60% BU, the suppressive responses at end swing disappeared in two 
subjects. In the other subjects, the suppressive responses were seen in all loading and 
unloading conditions. No significant differences were obtained during the onset of 
stance and mid-stance (ANCOVA P>0.05). The data of the leg flexor muscles of all 
subjects are summarised in fig. 2.5. The TA muscle of the ipsilateral leg showed 
facilitatory reflex responses that were most prominent in the stance phase (for 40% 
and 60% BU) and near the transition from stance to swing. This was most observed 
both in the 30% BL (significant differences in 3 subjects, P<0.0033 (ANCOVA) and 
in the 60% BU condition (significantly different in 2 subjects). At the end of the swing 
phase, the reflex responses decreased again despite the high background activity.
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Figure 2.5: Normalised mean amplitudes of the tibialis anterior (TAL) and biceps femoris muscle 
(BFL) of the ipsilateral leg during walking with different loading conditions. Reflex data (black lines, 
i.e. reflex and background activity), control data (grey lines, i.e. only background activity) and 
subtracted data (dotted lines, i.e. reflex minus control activity) are shown. Data are obtained from all 
subjects and are normalised to the maximum mean EMG amplitude of the control step, obtained 
during walking with NBL. For abbreviations see fig. 2.2.
BF and TA showed the largest facilitatory reflex responses around the transition from 
stance to swing and the onset of the swing phase (phase 50-60). The reflex responses 
of both muscles decreased in mid swing (phase 70 and 80) and TA decreased again at 
end swing (phase 90, see fig. 2.5). BF increased at end swing. At onset stance (phase 
0), BF was decreased again in 6 out of 7 subjects.
In the BF most pronounced reflex responses were present during the unloading 
conditions. More unloading resulted in stronger reflex response amplitudes. The 
difference between 60% BU and NBL was significant (ANCOVA P< 0.05). In BFL, 
reflex responses appeared most clearly during walking with 60% BU in the transition 
from stance to swing (phase 50) and mid-swing (phase 80). The response amplitudes 
in phase 50 were significantly larger in 60% BU compared to those of NBL in 3 
subjects. During walking with 40% BU, 2 subjects showed significant differences
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(P<0.0033). During body loading, there was no significant difference in reflex 
amplitudes throughout the whole step cycle compared with the NBL condition. The 
BFR (contralateral to the stimulation) leg showed also reflex responses at the end of 
swing and onset of stance. However, these reflex responses were not as consistent as in 
the ipsilateral leg. In the ipsilateral ankle extensors the responses were small and 
mostly suppressive. In the SO muscles (see fig. 2.6), largest suppressive reflex 
responses appeared during mid-stance. At the 20% phase the reflexes were smaller at 
unloaded conditions than at NBL. The difference between 40% BU and NBL was 
significant (ANCOVA P< 0.05). During swing, there were no reflex responses. The 
GM muscles of both legs had the most prominent suppressive reflex responses during 
mid-stance (phase 30, for GML for normalised and not normalised data, see fig. 2.6) 
during walking with 30% BL. These (suppressive) reflex responses were more 
dominant than those of the SO muscles. Again the response amplitude decreased with 
BU. There was a significant difference between the unloading conditions and NBL (P<
0.05). During swing, reflex responses were absent.
2.4 Discussion
The aim of this study was to evaluate the load dependency of the cutaneous reflex 
responses, resulting from sural nerve stimulation. The main results obtained were 1) a 
high degree of load dependency of the background EMG activity in extensor muscles 
(in particular GM), 2) increase in amplitude with BU of the large reflex responses in 
flexor muscles such as BF and TA at end swing and 3) absence of reflex reversal 
during body unloading in some subjects.
2.4.1 Influence o f  body load on step cycle timing
During the loading conditions, the step cycles were shorter in comparison with the 
normal body load condition due to a shortening of the swing phase, which is in line 
with other studies (Ghori and Luckwill 1985). During walking with loading on the 
back, the centre of gravity is raised, making the body equilibrium more unstable. The 
body appears to compensate for this by shortening of swing phase. This gives more 
stability of the step cycle with both feet on the ground. The fact that the stance phase 
did not alter is at variance with findings in children (Yang et al. 1998) and animals 
(Conway et al. 1987; Duysens and Pearson 1980; Fouad and Pearson 1997; Gossard et 
al. 1994; McCrea 1998; Pearson et al. 1992; Whelan 1996; Whelan et al. 1995).
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Figure 2.6: Unnormalised (A) and normalised mean amplitudes of the gastrocnemius medialis muscle 
(B) and soleus muscle (C) of the ipsilateral leg during walking with different loading conditions. 
Reflex data (black lines, i.e. reflex and background activity), control data (grey lines, i.e. only 
background activity) and subtracted data (dotted lines, i.e. reflex minus control activity) are shown. 
Unnormalised data are from one person, normalised data are the averages obtained from all subjects 
and are normalised to the maximum mean EMG amplitude of the control step, obtained during 
walking with NBL. For abbreviations see fig 2.2.
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These studies indicate that body loading results in an increase in step cycle duration as 
a result of prolongation of the stance phase. This seems to be the result of a prolonged 
loading of the extensor muscles. One has to notice that in these studies, the supraspinal 
control mechanisms are either not fully developed (children) or not intact (reduced 
animal preparations). In the present study, this control is intact, which can explain the 
difference. The present results are also at variance with studies (Finch et al. 1991; 
Stephens and Yang 1999). However, in the latter studies, there were no counterweights 
used as in our study. The body was more or less fixed, thereby stabilising the 
equilibrium. In the present study, the harness and extra weights did not stabilise the 
body, but only produced (un)loading. The risk of falling was still there. Therefore, the 
control of equilibrium in the present study might affect the swing phase duration.
In fact, other studies where loading has been manipulated during gait, also failed to 
show substantial changes in step cycle duration. Danion and co-workers (1995) used 
elastic cords (“penguin suit”) to increase load. They showed that step cycle duration 
was invariant, but a slight decrease occurred in the duration of the swing phase. In a 
subsequent study (Danion et al. 1997) they made their subjects walk against a vertical 
load. Again it was shown that this could occur without changes in step cycle 
characteristics. The loading induced an increase in the EMG amplitude but did not 
affect the timing of the EMG bursts. Hence in general, intact human can maintain their 
step cycle characteristics despite different changes in load.
During unloading however, the step cycle duration was longer than with NBL. This 
was due to a prolonged swing phase in BU, while the stance phase remained about 
constant. This observation is again at variance with earlier studies which indicated that 
body unloading does not influence the stride time duration (Stephens and Yang 1999). 
The discrepancy could be due to the difference in body unloading being smaller (30% 
BU, Stephens and Yang 1999).
2.4.2 Influence o f  body load on background activity
When subjects were stimulated during standing, no change in cutaneous reflex 
responses between BU and BL was observed. In this study, in contradiction to other 
studies (Rossi and Decchi, 1994), no changes were found during standing. This can be 
due to the fact that the stimulus used here was not painful, and loading methods were 
different. In this study we used a vest with lead weights for loading and a parachute 
harness with counterweights as unloading, while in the study from Rossi and Decchi 
(1994) a controlled pressure was used for loading. Unloading was not performed here.
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The load dependency of EMG activity in the antigravity muscles (i.e. GM and SO 
muscles) during walking, seen in all subjects, is in line with the results from earlier 
studies in cats (Duysens and Pearson 1980; Hiebert and Pearson 1999; Whelan 1996) 
and humans (Dietz et al. 1992; Dietz and Colombo 1998; Finch et al. 1991; Hakema et 
al. 1997). These studies provided indirect evidence that input from extensor load 
receptors, presumably Golgi tendon organs, play a major role in leg extensor activation 
and force feedback during locomotion. During walking with unloading, these load 
receptors are less activated resulting in a decrease in feedback (Hiebert and Pearson 
1999) and a reduction in extensor EMG activity. Also other receptors, i.e. from joint-, 
bone- and cutaneous receptors, might influence the reflex responses. It can not be 
decided from this study which receptors were involved in detail.
In the other muscles, the effect of body load was less clear. BF showed an extra 
activity burst in mid stance during unloading. This can be due to the straps, used to fix 
the harness, which pulled the hips in a flexed position with higher unloading. This 
could require more extensor activity. Although this could explain part of the extra 
activity burst, the burst did not disappear when subjects walked without the straps. BF 
is a knee flexor and a hip extensor. This extra activity of BF can also be due to BF 
acting as a hip extensor to replace the propulsion provided normally by ankle 
extension (which was nearly absent in 60% BU).
During BL there was no difference of TA EMG activity compared to walking with 
NBL. The increase in TA EMG activity during unloading is in agreement with other 
studies (Finch et al. 1991; Rossi and Decchi 1994). It may be due to the reduced 
activity in the antagonistic GM, i.e. due to the reduced reciprocal inhibition of 
antagonistic leg muscles (Duysens et al. 1991). Another explanation might be the lack 
of TA inhibition. Normally, TA is inhibited at end swing to avoid an extra ankle dorsi- 
flexion in the crucial period around footfall (Duysens et al. 1992, 2000). Walking with 
strong BU might reduce this inhibition, resulting in excitation of TA. A possible 
reason for the reciprocal activation of SO during TA activation might be the change in 
the relation swing-stance phase duration. The SO activity was slightly larger during 
loading than during walking with NBL, while the activity was lower during unloading. 
This difference was, however, not significant. Although being a leg extensor, the SO 
was less load-sensitive than GM. This can be due to the fact that the SO is a 
predominant postural muscle and therefore receives less load-related reinforcing 
feedback to compensate for sudden load changes. This assumption is in line with 
findings in the cat (Hiebert and Pearson 1999).
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2.4.3 Influence o f  body load on reflex amplitude
All muscles studied showed a phase-dependent modulation of the sural nerve reflex 
responses. This modulation was most clearly seen in BF and TA. In some subjects the 
TA also showed a reflex reversal in late swing phase, as described earlier (Duysens et 
al. 1990, 1996; Yang and Stein 1990; Zehr et al. 1998). In some subjects the reversal 
disappeared at 60% BU. This is likely to be related to a difference in function of TA at 
the end of swing. Normally TA is active in that period in order to damp the sudden 
plantar flexion after heel strike. However, with 60% BU there is less need for this 
function since the reduced reaction force at the ground no longer imposes a strong 
momentum at ankle joint. This situation is similar to the one observed during imposed 
limping, during which subjects were asked to walk with one leg held stiff (Faist et al. 
1999; Van de Crommert et al. 1996). In that case, there is a reduction in heel strike and 
the preliminary data with sural nerve stimulation indicate that there is also an absence 
of TA suppressive responses at end swing (Hauglustaine, Berger and Duysens, 
personal communication).
The amplitude relationship between reflex responses and background activity during 
walking with different body loads was studied in the light of the principle of 
“automatic gain control” (larger reflex responses with stronger background activity). 
However, an inverse relationship was observed for most muscles (BF, SO and GM),
i.e. when body load and background EMG level increased, the reflex response 
decreased. Most clear reflex responses occurred in muscles with a flexor function (TA 
ankle flexor and BF knee flexor) at the end of the stance phase. In TA there was a 
distinct enhancement of the facilitatory responses at the end of the stance phase when 
the body was unloaded.
Such an enhancement might be due to an opening of the so-called "flexor reflex 
afferents" (FRA) pathway at end stance (Hultborn and Illert, 1991; for review see 
Duysens et al. 2000), i.e. that cutaneous reflex pathways which can activate flexor 
muscles, are opened just prior to the onset of the flexor burst at end stance 
(presumably to facilitate the flexion phase). The circuitry involved (FRA system), is 
thought to be at part the same as the flexor part of the “central pattern generator” for 
locomotion (Jankowska 1992). It is assumed that this part is suppressed by input from 
load afferents from extensor muscles (Duysens and Pearson, 1980; Hiebert and 
Pearson, 1999; Whelan 1996). In the current study a reduction in the size of reflexes is 
observed by loading. This would fit with the idea that extensor load receptor input 
suppresses activity in these common circuits for the generation of flexion reflexes and 
the flexion phase of gait.
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Only small reflex responses were present in the SO and GM (extensor) muscles. In 
agreement with earlier work (Duysens et al. 1991) these reflex responses were 
suppressive and more prominent during the stance than during the swing phase. The 
suppressive responses were smaller in the BU conditions, presumably because 
background activity was also reduced (see fig. 2.3) as compared to the other conditions 
(suppression is better expressed in a motoneuron pool in which many neurons are 
active). In line with earlier reports (Brooke et al. 1997; Duysens et al. 1991), it appears 
that the amplitude of reflexes do not strictly co-vary with ongoing EMG activity, 
suggesting that premotoneuronal mechanisms play a role.
It is concluded that the results indicate that afferent input from load receptors is 
involved in the modulation of cutaneous reflex responses. With increasing body load, a 
reduction in reflex response amplitudes became prominent, most clearly seen in the 
flexor muscles, such as TA and BF. It is proposed that higher body load improves 
stability of upright stance with the consequence that less reflex activity is required.
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Chapter 3
Phase-dependent modulation of cutaneous reflex 
responses in robot-assisted walking
3.1 Introduction
In human leg muscles, reflexes elicited after electrical stimulation of nerves to the 
foot, are strongly modulated in amplitude during different phases of the step cycle 
while stimulus strength is kept constant (Bastiaanse et al. 2000; Duysens et al. 1990, 
1992; Yang and Stein 1990; Zehr et al. 1998, 2001). For example, electrical 
stimulation of the nerve innervating the lateral side of the foot leads to activation of 
flexor muscles such as tibialis anterior (TA). This reflex is facilitated in early swing 
(when the limb is flexing) but suppressed during periods when limb flexion would be 
disadvantageous (i.e. at end swing when the foot is ready to be placed; “phase- 
dependent reflex reversal”, (Duysens et al. 1990; Yang and Stein 1990). This phase- 
dependent reversal of reflexes is not related to the recruitment of different populations 
of motoneurons since it can be observed in single units from TA during gait (de Serres 
et al. 1995). The phase-dependent changes can not be explained by variations in the 
background EMG activity during gait (hence "premotoneuronal" modulation).
How is this modulation achieved? It has been proposed that the same central structures 
which are involved in releasing commands to motoneurons could at the same time 
control reflex pathways to these motoneurons. For example, at end stance the 
generator for the swing phase (flexor burst generator) becomes active and this could be 
accompanied by opening reflex pathways aimed at activating flexor muscles (Grillner 
and Rossignol 1978). Evidence for such central regulation has been obtained mainly in 
the cat. For the cat it is well-established that locomotor behaviour can persist when the 
spinal cord is transsected because the cord contains circuitry able to generate the 
behaviour spinal CPG, (Central Pattern Generator, see Duysens and Van der 
Crommert 1998). Such CPG is able to produce some of the phase-dependent
Adapted from: Bastiaanse CM, Dietz V, Duysens J  (2002): Heel strike is a prerequisite for phase-dependent 
reversal o f sural nerve induced reflexes in human walking (submitted).
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modulation during locomotor sequences since the modulation persists in spinal cats 
even when paralysed to prevent movement-related feedback (Schombrug and 
Behrends 1978). In humans a similar mechanism may be important since there is 
growing evidence for the existence of a spinal CPG and for its role in phase-dependent 
modulation of cutaneous reflexes (Duysens and Van der Crommert 1998, Duysens et 
al. 2000).
An alternative hypothesis is that movement-related feedback is the origin of the phase- 
dependent modulation. Using a passive cycling paradigm it was shown that 
modulation persists in H-reflexes (Brooke et al. 1995, 1997; Staines et al. 1997a, b). Is 
movement-related feedback also the basis of phase-dependent modulation of 
cutaneous reflexes? Brooke and co-workers (1999) showed that, in contrast to H- 
reflexes, the amplitude of the cutaneous responses was little modulated during passive 
cycling, indicating that movement-related sensory information did not play an 
important role for the modulation of cutaneous reflexes (Brooke et al. 1999). Does this 
also apply to walking? Although it is conceivable that cycling and walking both use 
locomotor CPGs (Ting et al. 1998) it remains to be proven that cycling results can be 
extrapolated to walking. It is therefore essential to extend the experiments of Brooke 
and co-workers (1999) to passive walking movements. This can be achieved by using 
robot-assisted walking, as produced for example by the DGO (Driven Gait Orthosis) 
developed by Colombo and co-workers to assist walking in treadmill training of 
patients with SCI (spinal cord injury; see Colombo et al. 2000).
During robot assisted walking the knee and hip joints trajectories, as previously 
determined on the basis of normal walking, are provided by a robotic leg with 
actuators at the knee and hip level (Colombo et al. 2000). Subjects walking in such a 
device can either step actively in such a device (thereby mimicking normal active 
walking) or they can move as passive as possible. If body loading is sufficiently 
reduced this passive walking resembles air stepping. This “passive” condition allows 
to answer a basic question: Is the modulation primarily movement controlled? Than 
one would expect that the phase-dependent modulation persists when the subject walks 
‘passively’.
3.2 Methods
Local ethics committee approval and consent of informed subjects were obtained to 
perform the experiments on 10 healthy subjects aged between 22-28 years (mean ± sd,
24.2 ± 2.0 y.).
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3.2.1 Experimental design
The stimulation electrode was positioned at the left ankle at about mid distance 
between the external malleolus and the Achilles tendon, where the sural nerve is 
closest to the skin surface. The electrical stimulus consisted of a train of five biphasic 
rectangular pulses each of 1 ms duration at a frequency of 200 Hz.
To ensure that stimulus conditions remained constant throughout the experiment, the 
stimulating electrode was firmly attached over the nerve with surgical tape. 
Stimulation intensity was measured after each experimental run (see experimental 
protocol).
3.2.2 Experimental pro tocol
A detailed description of the methods can be found in previous studies (Duysens et al. 
1990, 1991; Bastiaanse et al. 2000).
The subjects walked in a Driven Gait Orthosis (DGO), the Lokomat (Hocoma Ag, 
Switzerland). With this orthosis an automatic walking pattern was imposed on both 
legs, and thus, a reproducible gait pattern was obtained for each subject. The 
trajectories made at the hip and knee were recorded from a healthy subject walking at 
1.9 km/h. These trajectories, were applied for active and passive walking. In this way, 
the step cycle can be standardised (see fig. 3.1).
DGO assistance allowed to manipulate the active muscle contribution during gait. The 
situation in which the subjects were asked to step passively will be referred to as 
“passive” although they rarely were completely passive as the subjects could not avoid 
to contract some muscles at a low level. A large part of the EMG activity decreased 
during passive walking.
The speed of the treadmill (Woodway, Germany) was set at of 1.9 km/h. The 
experiment started with several short periods of walking on the treadmill with the 
DGO. In these periods the subject was adapted to walk with the DGO at a comfortable, 
constant pace. Between these periods, during quiet standing, the perception threshold 
(PT) was determined by gradually increasing (above PT) and decreasing (below PT) 
the electrical stimulus intensity. This procedure was repeated between the 
experimental runs and at the end of the experiment to ascertain that the stimulus 
conditions were stable. Arguments for the constancy of stimulation have been given in 
detail in previous publications (Duysens et al. 1990-1993, 1996). When a large change
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Figure 3.1: Experimental set-up. Schematic drawing of the instrumental set-up (A), the driven gait 
orthosis (B) and pre-programmed angels of the knee and hip (C) resulting in a standardised movement 
of the legs.
(>15%) in threshold was observed following an experimental run, this run was 
discarded. When the change was small, the average threshold over the pre- and post­
trial sessions was determined and used as a reference for that session. In general, the 
PT appeared to decrease slightly during the first half an hour, presumably because the 
stimulation electrode, which was firmly attached over the nerve with surgical tape, 
gradually settled within the tissue and thereby changed the resistance of the skin. After 
this initial period, the PT was stable (as in our previous studies (Duysens et al. 1990, 
1991; Bastiaanse et al. 2000). Habituation of responses was negligible with the 
stimulus-intervals chosen (see Tax et al. 1995 for more details). The sural nerve was 
stimulated with an intensity of twice perception threshold.
The step cycle was divided into 10 periods of equal length (0-90% of the step cycle in 
10% increments) in order to obtain temporal resolution of changes in the reflex 
activity in leg muscles throughout the step cycle. In earlier studies (Duysens et al. 
1992; Bastiaanse et al. 2000) it was shown that cutaneous reflexes do not occur in TA 
during the stance phase (phase 20-40%). Therefore, here no recordings were made 
during this period of the step cycle.
One experiment consisted of six conditions (4 walking in the DGO, 2 without DGO), 
each with a duration of about 12 minutes. These conditions fell into two groups. In the 
first group, the subjects were instructed to walk as normal as possible (“active” 
conditions; all with 0% and 60% body unloading, two with and two without DGO). 
These conditions were introduced to assess the effect of the DGO on the muscle
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activation pattern. In the other group of conditions the subjects were asked to walk as 
passively as possible with the DGO and with 60% or 100% BU (i.e. walking without 
ground contact). These two conditions were used because subjects could more easily 
walk passively when the load was reduced. Hence this allowed for a scaling of the 
“passivity”. The sequence of conditions were randomly chosen.
During every condition the body load and/or the walking pattern (i.e. active or passive 
walking) was altered. Following each condition, a resting period of 2 minutes was 
permitted. In 3 pilot trials, passive and active walking with 100% BU was explored in 
the DGO. Active walking with 100% BU in the DGO proved not to be comfortable for 
the subjects and therefore this was only performed in 3 of the 10 subjects. In contrast, 
all subjects were able to perform passive walking in the DGO with 100% BU. 
Unloading was achieved by suspending the subjects with a parachute harness 
connected to an overhead crane. The degree of unloading was provided by a 
counterweight and was varied randomly for each subject.
3.2.3 Recordings
During all conditions, electromyographic activity (EMG) of the tibialis anterior (TA) 
of both legs was recorded using surface electrodes. Force sensors (located underneath 
the treadmill belts) provided a record of the force exerted by the legs on the treadmill. 
The force signals from the sensors (Kistler K-SHEAR Piezotron acceleration sensor, 
Switzerland) were used to determine heel strike. They were fed to an amplifier (Kistler 
Multichannel Charge Amplifier, Switzerland) and converted into a computer. 
Individual step cycles were normalised to a relative time scale of one-step cycle 
starting and ending with the left heel strike. The force signal indicating left heel strike, 
and thus the onset of left stance, was used as a trigger for the stimulation of the sural 
nerve. Triggering of the stimulator and randomisation of trials were performed by a 
PC-based stimulation program. All signals were sampled at a frequency of 1000 Hz. 
The activity of the muscles and the reflex effects of the electrical stimulus were 
recorded by an EMG amplifier (Madaus Schwarzer, Germany). The EMG recordings 
were amplified, band-pass filtered (30-300 Hz), full-wave rectified and transferred 
together with the force plate recordings to a computer, where they were analysed using 
SOLEASY (ALEA Solutions GmbH, Switzerland).
For each of the 7 phases of the step cycle, 10 electrical stimuli were randomly applied 
in one experimental session. Stimuli were given at the beginning of any of the 7 phases 
of the step cycle. Stimulated steps were mixed with steps without stimulation (control
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stimuli, i.e., a “zero” pulse). The stimulus trains were given with an average interval of 
3.5 s. For an average speed of 1.9 km/h, this corresponded to stimulation in about 
every second step. After sampling 10 responses and controls for each stimulus 
condition (7 phases), the recordings were stopped. The overall effects of nerve 
stimulation on leg muscle EMG activity was obtained by averaging 10 trials for all 14 
conditions (7 phases with and 7 control phases without nerve stimulation) and 
subsequently by subtracting the resulting control data from the corresponding stimulus 
data ("pure" responses). Hence, for each experimental condition and for each muscle 7 
subtraction traces were obtained, corresponding to the 7 phases in the step cycle.
3.2.4 Statistical analysis
The EMG responses were quantified by calculating the signal energy (root mean 
square, RMS) over the period in which the response occurred. The EMG responses 
lasted for about 40 ms. Therefore for each muscle, one fixed time window of 40 ms 
was set around the responses for all phases recorded.
To allow comparison of leg muscle activity as a function of the phase within the step 
cycle between the subjects, the individual RMS of the averaged reflex responses for 
each condition was normalised to the maximum control RMS obtained during active 
walking with 0% BU with the DGO. To determine the influence of loading on the 
reflex responses and the influence of different phases on the mean amplitude, 
statistical significance (of the whole population) was determined with a repeated 
analysis of variance (ANOVA, significance at p<0.05). The influence of body load on 
the step cycle duration was determined with the Scheffe’s test (significance at p<0.05).
3.3 Results
This study was primarily focussed on TA because this muscle undergoes pronounced 
phase-dependent modulation during walking (consistent with previous studies; see 
Introduction).
3.3.1 Passive vs. active walking
During walking, the six conditions were investigated as illustrated in fig. 3.2, based on 
an example of a single subject.
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Figure 3.2: Example of EMG reflex responses (black lines) after stimulation at 60% of the step cycle. 
Six conditions are shown: Non-assisted active walking without BU (body unloading, A) and with 60% 
BU (B), assisted active walking with 0% (C) and with 60% BU (D), assisted ‘passive’ walking with 
60% BU (E) and assisted ‘passive’ walking with 100% BU (air-walking, F). Also control traces are 
shown for comparison (grey lines)
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During assisted active walking (0% BU, fig. 3.2C and D) the overall EMG level was 
lower but on the other hand the activation pattern of the TA was close to the normal 
pattern, observed during walking without assistance (fig. 3.2A and B). Two bursts are 
seen, one at the transition of stance to swing and a second one at the transition from 
swing to stance. The amplitudes of these bursts decreased considerably when the body 
was unloaded (fig. 3.2B and D) and when the subject was asked to walk as passive as 
possible (fig. 3.2E and F). Note that the EMG levels were lower as body unloading 
increased and walking became more passive (compare fig. 3.2F with E).When 
stimulation was applied (here at 60% of the step cycle) clear reflex responses appeared 
(fig. 3.2; dark lines) which became smaller in amplitude as the subjects moved more 
passively and the amount of body unloading was increased (fig. 3.2E, F compared to 
C, D). Over the whole population, the responses were quite similar to this example. 
The group results are illustrated in fig. 3.3, based on the averaged P2 responses of the 
whole population stimulated at 7 different phases of the step cycle. During passive 
walking with 100% BU (air walking, fig. 3.3F), the reflex responses disappeared 
completely. This result was observed in most subjects, although occasionally small 
responses were also seen during air walking.
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Figure 3.3: Phase-dependent modulation during assisted walking. Normalised RMS values of the 
reflex responses (black lines) of the ipsilateral TA (TAi) are shown of the whole population (n=10) 
during the six conditions as shown in fig. 3.2. Stance phase is indicated as a horizontal black line. 
Control RMS (background RMS) is shown in grey lines.
The largest responses were seen at end stance and early swing while the responses 
were small at end swing and early stance. For stimulation at 50% of the step cycle the 
population data of fig. 3.3 showed large responses in the active conditions, slightly 
smaller responses in the 60% BU passive conditions and very small responses during 
air stepping. The strong reduction of the responses during air walking was more 
pronounced than expected on the basis of the background EMG activity (which was 
quite similar for the 60 and 100% BU condition at that point of the step cycle). 
Nevertheless, even during passive air walking the phase-dependent modulation pattern 
was preserved since the responses were largest at the stance to swing transition and 
smallest at the swing to stance transition. Note also that at 10% of the step cycle, the 
background activity was largest when the subjects were completely unloaded. This 
was not true for all individual cases, as can be seen in the individual example given in 
fig. 3.2 (background EMG was largest during swing in that case). Comparing all the 
different conditions, it was shown that the difference in reflex responses between 
active walking in the DGO (0% and 60% BU) and the passive walking with 100% BU 
was significantly larger for the active walking conditions than for the passive walking 
conditions (ANOVA, P = 0.0042 and P = 0.047 respectively).
Also the reflex responses obtained during non-assisted walking condition (0% BU) 
was significantly larger than the ones obtained during 100% BU condition
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(P = 0.0008). Also the reflex responses during non-assisted walking with 60% BU 
were significantly larger than the reflexes obtained during both assisted passive 
walking conditions (p<0.05 for both conditions). The background EMG activity 
decreased significantly when passive assisted walking (both 60% and 100% BU) was 
compared with all other walking conditions (ANOVA, P < 0.002).
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Figure 3.4: Reflex reversal during active walking. Individual normalised RMS values are shown 
during non-assisted (A and B) and assisted (C and D) active walking. Reflex responses are shown in 
black lines, background in grey. Clearly observed is the disappearance of the reflex reversal at end 
swing during assisted walking.
3.3.2 Reflex reversal
In fig. 3.3 a reversal is hardly visible in the population figure. However, when the 
responses of subjects were individually inspected it appeared that such reversals were 
present in 5 of the 10 subjects. An example is shown in fig. 3.4.
In this figure the data from a single subject during assisted (DGO) and non-assisted 
walking were compared. It was observed that the typical reflex reversal, as seen during 
non-assisted walking, was absent during assisted walking. This was the case in all 
subjects (N = 5) who showed the typical reflex reversal.
An individual EMG example of the disappearance of the reflex reversal is shown in 
fig. 3.5, based on the same subject as illustrated in fig. 3.4.
33
TAi
0% BU active walking
A J 00 
>  80
Non-assisted 60 
•§ 40 
m 20 
0
Reflex
Control
B
Assisted
Time (ms)
Figure 3.5: Individual EMG reflex reversal responses during active walking. An individual example 
of the disappearing reflex reversal of the ipsilateral TA (TAi) when the subject is walking actively 
without BU, but with assisted leg guiding (B and D). Black traces are stimulation traces, grey traces 
control EMG. Non-assisted walking is shown for comparison (A and C).
In this subject, at end swing of non-assisted walking there was a suppressive response 
with a latency of 100 ms following stimulation at 90% of the step cycle (fig. 3.5, the 
suppressive responses are marked as dark areas). In contrast, during assisted walking, 
this suppressive response was not observed. This was not because of an absence of 
background EMG activity. Especially at 0% BU, the background TA activity at end 
swing was barely lower in assisted versus non-assisted walking.
3.4 Discussion
The aim of this study was to investigate the effect of passive walking compared to 
active walking with and without body unloading on the modulation of cutaneous reflex 
responses. In this way, the reflexes in the same phases of the step cycle but with 
different background activation can be observed.
The present data show that “passive walking” strongly reduced the reflex amplitude of 
the responses and that it affected some aspects of the phase-dependent modulation of 
these responses during walking. The reduction in amplitude of the responses was not 
simply a result of the lowering of the level of background activation as the reduction in 
amplitude was also apparent when background levels were about equal (for example 
when the conditions 0% and 60% BU were compared; see fig. 3.2). The reduction was
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unlikely only due to the unloading itself as we previously showed that body unloading 
led to an increase in reflex amplitude (Bastiaanse et al. 2000). It was observed that 
reflex responses during treadmill walking increased with increasing unloading but 
decreased with unloading when subjects walked in the DGO (see fig. 3.6 for a single 
subject, stimulation at 60% of the step cycle).
As the difference in background activity was significantly decreased when assisted 
walking with 60% BU was compared with non-assisted walking with 60% BU, it can 
be discussed that the reduction in background activity is the cause of the reduction in 
reflex amplitude. However, the difference in background activity between 0% BU and 
60% did not change, both for non-assisted and assisted walking. Subjects could not 
walk in the DGO as actively as during normal treadmill walking, they adapted their 
walking pattern to the DGO. Hence the most likely explanation is that the switch from 
active to passive walking was responsible for the reduction in amplitude. This 
interpretation implies that reflexes are facilitated by active walking, a notion which 
agrees well with previous data, showing that these cutaneous reflexes are enhanced 
during active walking as compared to a static condition (Duysens et al. 1993; 
Komiyama et al. 2000). Also load input seems to play an important role, as unloading 
increased the reflex amplitude during non-assisted active walking.
A second major result was the finding that passive walking does not completely 
abolish the phase-dependent modulation of the reflexes during walking (as would have 
been expected if movement feedback was the primary factor involved in phase- 
dependent modulation). This result is consistent with other studies on cycling (Brooke 
et al. 1999; Zehr and Kido 2001). They showed that modulation of mid-latency 
reflexes during cycling was not significantly affected by passive movement and by 
changes in peripheral afferent input (Brooke et al. 1999). The findings suggest that 
modulation of cutaneous reflexes during locomotion is not primarily the result of 
inhibition or facilitation
arising from motion-related sensory receptor discharges (in contrast to H-reflexes, 
Brooke et al. 1995, 1997; Staines et al. 1997a, b). Although basic features of the 
phase-dependent modulation persisted (the largest responses were seen at end stance 
and early swing while the responses were small at end swing and early stance), there 
were some important changes introduced by the “passivity”.
The first change was at end stance. In that period the reflex response amplitude 
increased but it was smaller than expected during “passive” locomotion, even in the 
presence of some background EMG activity. This indicates that the large facilitation of
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Figure 3.6. Changes of reflex responses during active walking. Individual EMG example of the reflex 
responses during non-assisted (A) and assisted walking (B), both with 0% and 60% BU. Subtraction of 
the data (C) shows the change in reflex response after unloading the body. Stimulation at t=0, dotted 
lines = measured time window.
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TA, as seen during active walking, is likely to be due to an active central modulation 
process, e.g. by a CPG or another central structure, responsible for the modulation of 
the responses. If movement-induced feedback is responsible for the facilitation during 
normal walking then one would expect that the facilitation would persist during 
“passive” walking.
A second change involved the reflex suppression, which normally is present at end 
swing but which was missing during “passive” gait, despite the presence of a 
corresponding level in background EMG activity. Although there was a clear reduction 
in amplitude of the response in that period, a complete reversal was never observed. 
Again this indicates that a part of the reflex modulation, namely the reversal, is due to 
a active central process during walking since robot assisted “passive” movements did 
not lead to phase-dependent reversals. The latter result confirms our previous 
suggestion, that normal heel strike is important for the reversal to suppressive 
responses at end swing (Yang and Stein 1990; Duysens et al. 1992). During hopping, 
for example, this reversal is missing as well (Hauglustaine et al. 2001). The overall 
conclusion is that load input seems to have an important influence on the modulation 
of cutaneous reflex responses. However, during passive locomotion some phase- 
dependent reflex modulation occurs, although active locomotion represents a 
prerequisite for the occurrence of all features of normal phase-dependent modulation 
during gait, e.g. the reversal to from large facilitatory responses at end stance to 
suppressive responses at end swing in TA.
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Chapter 4
Reflex adaptations during treadmill walking with 
increased body load
4.1 Introduction
Bipedal walking in humans challenges the motor control to automatically balance the 
body in order to keep the centre of mass over the feet during everyday activities. This 
requires an integration of various feedback information in a complex postural reflex 
network (review in Dietz 1992, Zehr and Stein 1999). In the last years several 
experiments were performed using load changes as a paradigm to examine changes in 
these feedback circuitries. Most studies in this field were done in humans (Dietz 1998, 
Duysens et al. 2000, Stephens et al. 1999, Yang et al. 1998), cats (Pearson 1995) and 
rats (Fouad and Pearson 1997). In humans effects of load changes have been examined 
in situations where body load was manipulated, such as during water immersion (Dietz 
and Colombo 1996), walking with a backpack (Bastiaanse et al. 2000) or after space 
flight (Edgerton and Roy 1996, Layne et al. 1997). In animals load changes have been 
induced by direct stimulation of afferent pathways (Fouad and Pearson 1997, Whelan 
et al. 1995), by injury (e.g. tenotomy or nerve cut; Goldfard and Muller 1971, Whelan 
and Pearson 1997) or by hindlimb suspension (Tsika et al. 1987). All these studies had 
in common that changes in body load and therefore the force acting on the limbs 
strongly influenced the reflex activity and consequently postural control. Force on the 
limbs does not only depend on the actual body load, it is also varied by the actual 
postural condition (e.g. running, walking or hopping, (Luhtanen and Komi 1980)) and 
environmental circumstances (e.g. walking up- or downhill; Carlson-Khuta et al. 
1998). Changes in body load are predominately detected by Golgi tendon organs, and 
mediated by group Ib afferent fibres (reviews in: Duysens et al. 2000, Jami 1992). 
During walking these receptors supply important force feedback via polysynaptic 
reflex pathways mainly on the leg extensor muscles activity (Bennett et al. 1996,
Adapted from: Fouad K , Bastiaanse CM, Dietz V  (2001) Reflex adaptations during treadmill walking with
increased body load. Experimental Brain Research  137: 133-140
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Duysens 2000, Guertin et al. 1995, Hiebert and Pearson 1999). Furthermore, load 
receptor information from group I afferents and cutaneous afferents are of critical 
importance for the regulation of transition from stance to swing phase (Conway et al. 
1987, Duysens and Pearson 1976, 1980, Whelan et al. 1995).
The biomechanical conditions of stance and gait of humans or animals can change, for 
example due to injury or changes of environment (e.g. space flight). To adapt to such a 
new situation it is necessary that both the spinal reflex system as well as the 
descending postural control is modifiable. Motor learning at spinal level has already 
been described in several models. For example, treadmill training in completely 
spinalised cats (Grillner 1973, Lovely et al. 1986) or spinal cord injured humans 
improves locomotor activity (Dietz et al. 1994, Harkema et al. 1997). Positive 
feedback of load receptors during such locomotor training and the regular activation of 
locomotor circuits in the spinal cord play a crucial role to establish a training effect 
(Edgerton et al. 1997, Harkema et al. 1997). Another example of activity dependent 
plasticity in reflex pathways involved in the control of locomotion has been shown 
recently in cats. The loss of an ankle extensor was compensated in a few days by an 
increased gain of the spinal reflex pathways from the load receptors of the remaining 
extensors (Pearson et al. 1999, Whelan and Pearson, 1997).
The aim of the present study was to examine the short- and long-term effects of body 
loading during walking: What is the course of adaptation of compensatory reflex 
responses in humans to fulfil the demands of an increased body load? Therefore reflex 
responses were elicited in healthy subjects walking on a split belt treadmill. In the 
present study reflex responses in a set of muscles were analysed to examine the short 
and long-term effects of loading and subsequent removal of the load.
4.2 Methods
Experiments were performed on 12 healthy subjects aged between 18 and 34 years 
with the approval of the local Ethics Committee and subjects informed consent.
4.2.1 Experimental pro tocol
An experiment started with several periods of walking on the treadmill (Woodway, 
Germany). In these periods the subjects were trained to walk on the treadmill at a 
comfortable, constant pace (3.5 km/h).
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One experiment consisted of three conditions (co, lo, un; see fig. 4.1 A). In each 
subsequent condition the body load was altered. During the first one (co: duration of 
15 minutes), the subjects walked on the treadmill with normal body load (control 
condition). In the second condition (lo: duration of 45 minutes) the body was loaded 
by wearing a vest with 15 kg lead weights (loading condition). To study the time 
course of the reflex response adaptation this condition consisted of 4 sub-periods (lo1, 
lo2, lo3 and lo4). Lo1 was measured during the first two minutes, lo2 after 15 minutes, 
lo3 after 30 minutes and lo4 during the two last minutes of this condition (see fig. 
4.1A). In the third condition the load was removed (unloading condition, duration 15 
minutes), the subjects were walking again with normal body load. To show the 
temporal effects of the unloading, this condition was also divided into 3 sub-periods 
(un1, un2 and un3), measured directly, 7 and 13 minutes after removing the load.
A increased load
À A
co1 co2 co3
B
lo2 lo3
AA A A
un1 un2 un3
lo3
5 min
Figure 4.1. A: Experimental design. The experiment consisted of 3 phases: co (walking with normal 
body weight), lo (walking with increased body load) and un (walking again with normal body load). 
These periods were divided into sub-periods (grey bars) during which measurements were taken. B: 
Schematic drawing of experimental set-up, illustrating the applied perturbation. The right belt was 
shortly accelerated during mid-stance phase of the right leg, thereby extending the leg.
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4.2.2 EMG and biomechanical recordings
During all conditions, electromyographic activity (EMG) of gastrocnemius medialis 
muscles of both legs (left: GML, right: GMR) the soleus (SO) and the tibialis anterior 
(TA) muscles of the right leg was recorded using surface electrodes. EMG recordings 
were amplified (Madaus Schwarzer, Germany), band-pass filtered (30-300 Hz), 
rectified and averaged over 5 step cycles. Force sensors (Kistler K-SHEAR Piezotron 
acceleration sensor, Switzerland), underneath the treadmill belt, were used to 
determine heel strike of the right foot. This heel strike (i.e. onset of right stance 
determined by the force-sensors) was used as a trigger. The signals were fed to an 
amplifier (Kistler Multichannel Charge Amplifier, Switzerland) and digitised at 1000 
Hz. Individual step cycles were normalised to a relative time scale of one-step cycle 
starting and ending with the right heel strike.
Triggering of the computer-controlled mechanical perturbation and the randomisation 
of the trials were performed by a PC-based stimulation program (SOLEASY; Alea 
Solutions GmBH, Switzerland). The mechanical stimulus applied consisted of a short 
acceleration of the right treadmill belt, thereby extending the leg (0.1 sec, acceleration 
rate approx. 23 m/s , see fig. 1B). Forty-five stimuli were randomly applied in one 
experimental session. Stimuli were released at about 350 ms after right heel strike (mid 
stance) and were alternated with steps without stimulation. In addition also 15 
deceleration stimuli (stop of the right treadmill belt lasting over 0.1s) were applied, to 
prevent a prediction and thus adaptation to the acceleration. Sixty responses (45 
accelerations and 15 deceleration stimuli) were sampled for each subject.
To confirm that the perturbation did not change due to load changes we examined the 
evoked ankle movements in 2 subjects, which were measured with a customised 
goniometer. Besides minor timing differences caused by the prolonged stance duration 
when the body load was increased, the evoked ankle movement did not differ between 
the 2 conditions.
Furthermore, 3 subjects participated in experiments consisting of 65 minutes walking 
with normal body load where the same perturbations as used in the other subjects were 
applied.
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4.2.3 Data Analysis
The compensatory reflex responses were quantified by calculating the root mean 
square (RMS) over the period in which the EMG response occurred. Based on visual 
examination, a time window was set around the EMG response for each muscle in 
each subject. The window was chosen in such a way that it covered the whole response 
(see fig. 4.2).
In most subjects an inhibitory reflex response was observed prior to the excitatory 
burst in the GMR muscle. In these subjects, two time windows were set around the 
two reflex components (one for the inhibitory and one for the excitatory component). 
When the onset of the excitatory response was not masked by the inhibition (as seen in 
fig. 4.2) the time window for the excitation was slightly larger. Statistical comparisons 
were performed between the control (co) condition and the first loading (lo 1) as well 
as the first unloading (un) condition.
Furthermore, the statistical difference between the first and the last loading sub-period 
was analysed to determine the mode of adaptation.
following a perturbation from one subject. After a delay of about 90 ms the reflex response started 
with a marked inhibition (dark grey) followed by a strong excitatory burst (light grey).
100 ms
Figure 4.2: Rectified and averaged (n=5) EMG response of the GMR and SO during a control and
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Individual RMS values were normalised to the mean RMS value obtained during the 
col condition when walking with normal body load. To determine the influence of 
loading on the reflex responses the individual RMS was calculated for each condition. 
Statistical significance between the conditions was determined by student t-tests 
(P<0.05).
4.3 Results
4.3.1 Reflex responses
In all l2 subjects the deceleration stimuli of the right treadmill belt did not evoke a 
consistent reflex response, whereas the acceleration evoked a strong compensatory 
reflex response in the GMR and in the SO with a delay of about 65 ± 8.5 ms (mean ± 
se) and about 50 ± 7.1 ms respectively. There were no consistent responses in the TA. 
A representative example of a reflex response is shown in fig. 4.3. The GMR showed a 
strong reflex, which could be divided into an inhibitory and an excitatory component, 
while in TA normal locomotor activity appeared.
SO responded with a strong excitation (average duration: 83.7 ± 9.6 ms) that started 
shortly before GMR inhibition (see fig. 4.3).
Perturbation IV
500 ms
GMR
SO
A
Jjk jkGML
Figure 4.3: Right leg muscle EMG response following a perturbation. The rectified and averaged 
(n=5) EMG responses of tibialis anterior (TA), soleus (SO), GMR and GML of one subject is shown. 
Note the earlier onset of the response in SO.
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The inhibitory response of GMR, which was observed in 75% of the subjects (n=9) 
had an average duration of about 32 ± 2.5 ms. It was followed by an excitatory burst 
with a duration of up to 65 ± 6.9 ms (example in fig. 4.2). In 25% of the subjects (n=3) 
no inhibition was found but only an excitatory reflex response was recorded, 
comparable in delay and amplitude to that in the other subjects. In the SO an inhibitory 
reflex response never occurred. The effect of the acceleration on stance phase duration 
was insignificant.
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Figure 4.4: Mean values of the course of leg muscle EMG responses during control experiment (n=3 
subjects) that were performed to examine adaptive changes of the reflex and the background EMG 
activity over 65 min. Averages and standard errors are shown. Inhibition in the GMR was present only 
in one subject (data not shown). Both the inhibitory as well as the excitatory reflex response reached a 
minimal value after 10 minutes and slightly increased over 90 min to the initial level. The EMG 
amplitude of GML remained stable.
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4.3.2 Experiments without load  changes
In three subjects experiments were performed to focus purely on eventual reflex 
adaptations during 65 min. of walking with normal body load. The average time 
course of reflex response from all 3 subjects is shown in fig. 4.4. Only in 1 subject an 
inhibitory component was present (data not shown). Like in all other experiments there 
was strong variation in reflex response amplitude during the first 10 perturbations. 
However, during the further course neither the inhibitory nor the excitatory component 
of the reflex response showed any consistent adaptation, i.e. decreased or increased in 
amplitude (first measurement: 0.91 ± 0.08, last measurement: 0.99 ± 0.07).
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In the experiments where the body was loaded (condition 2) the background EMG of 
the extensor muscles as well as the inhibitory and the excitatory components of the 
reflex response increased immediately after loading (p<0.05; fig. 4.5). In all subjects, 
this enhanced reflex response was modified over the following 45 minutes of walking 
with increased body load. Two main patterns of adaptation were observed (fig. 4.5):
Group A:
In 50% of the subjects (n=6) the reflex response steadily further increased in amplitude 
during the 45 min after body loading. When the RMS value of the GMR reflex 
response was normalised to condition 1, the mean group value of the excitatory reflex 
component of the 6 subjects increased significantly directly after loading (lo1) from
1.00 to 1.31 ± 0.17 (mean ± se). The inhibitory component decreased from 1.00 to
0.82 ± 0.17 (not significant). At the end of the loading period these values increased 
significantly to 1.80 ± 0.20 for the excitatory and 0.48 ± 0.35 for the inhibitory 
component (fig. 4.5A). After removal of body load (i.e. experimental condition 3) the 
reflex responses did not immediately return to the baseline level (un1: 1.36 ± 0.38) for 
the excitatory responses and 0.87 ± 0.33 for the inhibitory responses). It took several 
minutes until the initial values were reached (fig. 4.5A).
In general the reflex responses in SO followed the same pattern of GMR. However, it 
appeared to be less load-sensitive as the GMR. It also increased significantly after 
body loading (1.23 ± 0.08) and further increased during this condition to 1.32 ± 0.15 
(P>0.05). After removal of the load the reflex response dropped back to the initial 
values (1.09 ± 0.04).
The overall EMG activity of the unperturbed GML increased directly after body 
loading (fig. 4.6). During the course of walking with body load the amplitude 
decreased significantly towards baseline values (lo1: 1.19 ± 0.03, lo4: 1.07 ± 0.04). 
After unloading EMG amplitude further decreased to the initial values.
Group B:
In the remaining subjects (n=6) the excitatory reflex response showed a down- 
regulation during the loading period. In only three of them an inhibitory response was 
observed. The initial increase of the reflex response (at lo1 inhibitory component:
4.3.3 Loading experiments
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0.81 ± 0.21 (not significant), excitatory component: 1.23 ± 0.07, significant) was 
followed by a decay of amplitude over time, especially of the excitatory component of 
the reflex response.
When the group averages were calculated and normalised to condition 1, the inhibitory 
response remained constant (at lo4: 0.84 ± 0.12). The excitatory reflex dropped down 
over about 15 min and approached baseline values (lo4: 1.04 ± 0.07, significant, see 
fig. 4.5B). During the subsequent removal of the weight the reflex response did not 
further change.
A B
SOR excitation
time (min)
GMR inhibition
— i-------------1------------- 1------------- 1-------------1------------- 1-------------1----------- 1
0 10 20 30 40 50 60 70 80 
time (min)
Figure 4.5: Adaptation of the reflex response amplitude to perturbation during walking over time with 
body loading. Averages and standard errors are shown. Arrows up indicate increase of body load, 
arrows down removal of load (back to normal body load). The horizontal line indicates the level of the 
reflex response at lo1. * = Statistical significant in relation to co. ** = Statistical significant in relation 
to lo1 .
A: Both inhibitory and excitatory reflex components increased after loading and further during the 
loading period. After unloading (i.e. normal body load) the initial value was reached after a time delay 
of about 10 min. The EMG activity of the unperturbed GML did not follow the reflex adaptation but 
the EMG amplitude decreased. B: After an initial increase of the inhibitory and excitatory components 
of the reflex response, the EMG amplitude decreased close to the baseline level (normal body load).
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The reflex response in SO did not change after body loading (0.96 ± 0.08) and 
increased only insignificantly during the period of loading (1.14 ± 0.09). After 
removal of the load the reflex response dropped back to 0.97 ± 0.13.
The course of total EMG activity of the unperturbed GML was similar to that of group 
A (lo1: 1.22 ± 0.06, lo4: 1.12 ± 0.08). After loading, it first increased and then slightly 
decreased during the loading period (fig. 4.6). Unloading caused an additional 
decrease approaching baseline values (0.99 ± 0.04).
GML total step
Group A
1.4­
1 ......
0 . 6  
O  o .^
t I
LU
■oOw
75
£
oc
■Oc
(0
■oo
ro
(0
o>
(0
Group B
1.4
1 - ■ 
0 .6 ­
0 . 2
t I
1.4
1 -...
0 .6 ­
0 . 2
Control
—ir
i i
0 10 20 30 40 50 60 70 80 
time (min)
Figure 4.6: Adaptation of the EMG activity in the (unperturbed) GML during walking with body 
loading. Averages and standard errors are shown. RMS is calculated over the whole activity of GML. 
In both groups of subjects the EMG activity increased after loading and decreased during the loading 
period. Removing the load resulted in a drop of EMG activity back to control values. * = Statistical 
significant in relation to control.
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Another variable of gait, which was shown to be load sensitive in cat and man, is the 
duration of the stance phase (Duysens and Pearson 1976, Finch et al. 1991, Stephens 
and Yang 1999, Whelan et al. 1995). Examining the adaptation of stance phase 
duration no difference between the two groups was found (fig. 4.7). The stance phase 
duration increased slightly after loading (group A: 1.05 ± 0.05, group B: 1.04 ± 0.04) 
and remained constant during this period (group A: 1.06 ± 0.01, group B: 1.06 ± 0.02). 
Removal of the load resulted in a subsequent decrease of the duration, to the initial 
values (group A: 0.98 ± 0.01, group B: 1.00 ± 0.02). In the experiments without load 
changes there was no change of the stance phase duration.
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Figure 4.7: Changes in stance phase duration of the right leg with body loading. Averages and 
standard errors are shown. Stance phase duration increased after loading and remained stable. After 
removal of load the stance phase duration decreased to control level. Arrows indicate loading and 
removal of load, respectively. * = Statistical significant in relation to control.
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One parameter, which could be involved in different loading responses, is the body 
weight of the subjects, especially since during the experiment a constant load of 15 kg 
was added. However, when the weight of the subjects in the two groups was 
compared, no significant difference was found (75 ± 3.4 kg in group A and 69 ± 2.9 kg 
in group B). Interestingly the slightly lighter group B is also the more “sportive” 
group. This is based on the duration of weekly sportive activities of the subjects 
(judged in a scoring system: 1 point < 1 h per week, 2 points = 1-5 h per week, 3 
points > 5h per week). Using this evaluation, group A reached a score of 1.5 ± 0.4 and 
group B 2.6 ± 0.25, which is significantly higher (Mann Whitney U test, P< 0.05). The 
average RMS of reflex amplitude (normalised to individual background EMG) in 
group B was also slightly higher than in group A (2.3 ± 1 and 0.3 ± 0.34). When 
comparing the increase of the reflex RMS just after loading to the individual 
background EMG at lo1, there was no difference between the groups (Mann Whitney 
U test, P> 0.05).
4.4 Discussion
The aim of this study was to evaluate the adaptational behaviour of reflex mechanisms 
during locomotion, and to find out, whether load dependent reflex changes are fixed,
i.e. subjected to an internally stored value or fine-tuned to match an individual 
template of a desired walking pattern. The main findings were: 1) Changes of a 
compensatory reflex response occurred not only directly after increasing the body 
load, but also during the subsequent 45 min of treadmill walking. 2) Two courses of 
slow reflex adaptations were found in GMR. Either the reflex response increased 
further to a higher level, or it decreased to a lower level of EMG activity. 3) Neither 
the stance phase duration nor the EMG activity of the unperturbed GML followed 
these adaptation patterns.
4.4.1 Reflex adaptation
In this study it could be confirmed that both strength of leg extensor EMG activity and 
amplitude of compensatory reflex responses to perturbations depend on information 
from load receptors (Dietz 1992, Stephens and Yang 1999). The main result was that 
with increased body load, the compensatory reflex response changed over time. This 
adaptive behaviour could be divided into two groups: Compared to the onset of body
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loading, the compensatory reflex response during the period of loading became either 
larger or smaller. This result indicates that load information is not simply used as a 
fixed value to adapt to changes in the actual biomechanical status of the subject, i.e. its 
actual body load. It appears that the gain of the involved reflex mechanism is slowly 
modified to approach an optimal reflex response for each individual, in order to 
maintain the desired posture and walking pattern. According to the observations made 
in this study the reflex adaptation in the subjects can vary from a significant increase 
or decrease to negligible, probably depending on the proximity of the initial reflex 
response to an optimal compensation. Obviously, in case that the reflex response 
appears too strong, it is down regulated and if it appears too weak, it is up regulated. 
The observation that after unloading the reflex does not immediately reach the original 
value supports the idea of such a modifiable reflex gain.
The reason for the individual course in reflex adaptation to body loading during 
walking has to remain open. One explanation could be a variable strategy in postural 
adaptations in the course of the experiment. This could have changed the effect of the 
perturbation and/or the reflex response. Since no kinematic analysis has been 
performed this remains speculative. Another explanation could be a difference in the 
initial reflex amplitude, which then adapts to a desired strength. Interestingly we found 
a small, but insignificant difference (p=0.06) between the 2 groups, when we 
compared the average RMS of the reflex amplitude (normalised to the individual 
background EMG at the different loading condition). The individual adaptation could 
also be determined by the history of muscle activation, or actual training condition of 
leg extensor muscles (trained muscles respond more powerfully). This would support 
the view gained from cat experiments (Pearson et al. 1999) that load bearing during 
training can increase the gain of positive force feedback from extensor muscles. By 
studying the history of body load or “sportivity” of the subjects we could find a 
significant difference between the 2 groups. Only 1 of the “sportive” subjects (more 
than 5 hours sports weekly) appeared in the group with up-regulating the reflex 
response over time (Group A, compared to 4 in group B), whereas none “non- 
sportive” (less than 1 h/week) appeared in group B as compared to 3 in group A. 
Therefore, the training condition and loading history of extensor muscles might play a 
role in the adaptation of the reflex response over time. Comparable activity-dependent 
reflex modulation has already been observed in animal studies (Lou and Bloedel 1988; 
Pearson et al. 1999). In this context it has been reported that also the efficacy of the 
neuronal networks that control locomotion is highly dependent on their regular 
activation. Several studies performed in spinal cats indicate that training effects are
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only temporary and decline after a period of training cessation (De Leon et al. 1999, 
Edgerton et al. 1997). This strengthens the idea of an influence of training history on 
reflex responses.
4.4.2 Involved reflex pathw ays
It is not clear which reflex pathways are involved in the present study. By accelerating 
the treadmill belt during the stance phase of gait, the leg extensors became stretched 
and probably group I afferents of a wide set of muscles were excited (Matthews 1972). 
In cats, feedback from this reflex pathway is involved in leg muscle activation 
(Bennett et al. 1996, Guertin et al. 1995, Hiebert and Pearson 1999) and regulation of 
stance phase duration (Whelan et al. 1995, Conway et al. 1987, Duysens and Pearson 
1980).
Stance phase duration, which is influenced by group I afferents, followed directly the 
changes in body load (see fig. 4.7), whereas the compensatory reflex response in GMR 
adapted gradually after loading. This suggests that the compensatory reflex response 
was mediated predominantly by other afferent pathways like group II, III or IV. This 
was already suggested in earlier studies (Berger et al. 1984, Dietz et al. 1987), that 
applied comparable perturbations during the step cycle. In cats group II afferents were 
shown to have powerful mono- and disynaptic projections onto motoneurons 
(Kirkwood and Sears 1975, Lundberg et al. 1977). However, both the function of these 
projections and the function of group III and IV afferents during walking is still 
unclear.
An alternative reflex pathway mediating perturbation-evoked responses during stance 
is the vestibular system (Horak et al. 1990). However, the short reflex latencies and the 
unilateral responses in the present study make such a pathway rather unlikely for 
mediating the reflex responses investigated here (Dietz 1992, Nashner 1976).
4.4.3 Difference between SO and GMR reflex response
The origin of the inhibitory component of the reflex response, which was only 
observed in GMR is unclear. Since only the gastrocnemius is also a knee flexor, the 
inhibition may serve as a protective mechanism to avoid flexion of the knee. However, 
SO activation immediately leads to an ankle extension, thereby stabilising ground 
contact and weight-support of the perturbed leg. A comparable mechanism has been 
suggested in earlier studies by Duysens and co-workers (1991).
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The finding that SO responded about 25 ms earlier to the perturbation than the GMR 
(see fig. 4.2) is in line with earlier studies where compensatory responses in SO 
appeared earlier than the responses in the GM after stance perturbation in man (Gatev 
et al. 1999, Nardone et al. 1990).
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Chapter 5
The influence of hip joint position on nociceptive 
reflexes at rest and during gait
5.1 Introduction
During gait, several sensory inputs are assumed to provide cue signals for controlling 
the transition from stance to swing (reviewed in Duysens et al. 2000). In animal 
studies, hip extension appears to be an important sensory signal that promotes the 
initiation of the swing phase (Grillner and Rossignol, 1978; Hiebert et al. 1996; Pang 
and Yang, 2000; Pearson and Rossignol 1991). Extending the hip in the cat manually 
will reset the step cycle (Grillner and Rossignol 1978). Since hip signals are so 
important one would predict that there are interactions between hip signals and reflex 
responses. This hypothesis was recently confirmed for H-reflexes (Knikou and Rymer, 
2002). H-reflexes are increased when the hip was extended (Brooke et al. 1993, 1997, 
Knikou and Rymer, 2002, McIlroy et al. 1992). For cutaneous reflexes a modulating 
effect is possible as well. Indeed, Hultborn and Illert (1991) and later Schomburg and 
co-workers (1998) have proposed that “flexor reflex afferents” may get activated at the 
end of the swing phase and thus promote the onset of swing. This could be achieved if 
hip extension facilitates reflex responses which promote flexion. This question was 
examined earlier (Duysens et al. 1993) but not in depth and only for low intensity 
stimulation (0-2.5 times perception threshold). High intensity stimulation should be 
investigated in this respect as well since it is thought that the circuitry involved in the 
flexion reflex is related to the circuitry which is responsible for the generation of the 
swing phase (Hultborn and Illert, 1991). On the other hand, this may be difficult to 
study since it is known from the early work of Sherrington (1910) that nociceptive 
reflex responses dominate all other reflexes and it may be expected that these reflexes 
are only minimally influenced by other afferent input.
Adapted from: Bastiaanse CM, Curt A, Dietz V, Baken BC M , Duysens J  (2002): The influence of hip
position on tibial nerve induced reflex responses under static conditions (submitted)
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In the present study the influence of hip angle upon tibial nerve induced lower limb 
reflex responses was studied in two paradigms. First, in supine position (with the hip 
held either in a neutral position or extended by 20°) and second during gait. It is 
known that reflexes from foot afferents are relatively small at low stimulation 
intensities during static conditions (Duysens et al. 1993) as compared to gait (Duysens 
et al. 1993; Zehr et al. 1998). Second, the facilitation of reflex responses during static 
conditions may be different from what is seen during walking (task specificity). Sural 
nerve induced reflex responses appear at about 80 ms in various leg muscles. Their 
amplitude varies according to the phase of the step cycle, the muscle and the leg in 
which they occur (Bastiaanse et al. 2001; De Serres et al. 1995; Duysens et al. 1990, 
1996; Tax et al. 1995; Van Wezel et al. 1997; Yang and Stein, 1990; Zehr et al. 2001). 
In this study the reflex response was recorded from the tibialis anterior muscle (TA) in 
the leg ipsilateral to stimulation as this recording is expected to show marked reflex 
modulation. For stimulation, the posterior tibial nerve was chosen since this type of 
stimulation is known to elicit distinct responses at low and high stimulus intensities 
(Duysens et al. 1990). Previous studies revealed that during most of the stance phase 
both sural and peroneal nerve stimulation generally did not evoke responses in TA, 
whereas tibial nerve stimulation evoked small facilitatory responses (Van Wezel et al.
1997).
5.2 Methods
Local ethics committee approval and written consent of informed subjects were 
obtained to perform the experiments on 11 healthy subjects (3 male and 8 female) aged 
between 21-32 years (mean ± sd, 26.8 ± 3.35) for the static condition and on 10 
healthy subjects (4 male and 6 female) aged between 21-35 years (mean ± sd, 25,5 ± 
4.2) for the dynamic condition.
5.2.1 Reflex response recording
Reflexes were elicited by stimulating the posterior tibial nerve at the medial side of the 
ankle, where the nerve is closest to the skin surface. The electrical stimulus consisted 
of a train of eight biphasic rectangular pulses (duration of the single stimulus 3 ms, 
frequency 200 Hz) with a total duration of 37 ms. To ensure that stimulus conditions 
remained constant throughout the experiment, the stimulating electrode was firmly 
attached over the nerve with surgical tape.
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Electromyographic (EMG) activity was recorded from the ipsilateral tibialis anterior 
(TA) using surface electrodes (Hellige, Germany). A computer program performed 
stimulus triggering and randomisation. All signals were sampled at a frequency of 
1000 Hz. The muscles and reflex responses were recorded by an EMG amplifier 
(Madaus Schwarzer, Germany), band-pass filtered (30-300 Hz), full-wave rectified 
and transferred to a computer. Offline analysis was performed by using SOLEASY 
(ALEA Solutions, Switzerland).
Both static and dynamic experiments started with determining the motor threshold 
(MT) of the abductor hallucis longus muscle by gradually increasing and decreasing 
the stimulus intensity until muscle contraction (i.e. toe twitch) was observed.
5.2.2 Experimental pro toco l ofth e static condition
The subjects laid down on a tilt-table and tibial nerve induced reflex responses were 
evoked in two different conditions each with a duration of about 15 minutes: (i) supine 
position without hip extension and (ii) supine position with 20° hip extension (see fig. 
5.1). The conditions were performed randomly for each subject.
Figure 5.1 Experimental set-up for the static experiment. Supine position with and without (dotted 
lines) hip extension
A recruitment curve was obtained by stimulating with increasing intensities up to pain 
threshold (maximum 5*MT). To achieve the recruitment curve the latter stimulation 
intensity was divided into 10 intensities of equal strength (10% increments). In general 
it can be assumed that stimulation at 1*MT is equivalent to stimulation at about 
2.5*perception threshold. Stimulation was given 2 times for each intensity, randomly 
performed in a 30s period to prevent habituation.
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20
57
5.2.3 Experimental protocol ofthe dynamic condition
Subjects were asked to walk on a treadmill (Woodway, Germany) with a speed of 3.5 
km/h. The experiment started with several short periods of walking on the treadmill to 
train the subjects to walk comfortable and with constant pace. Reflex responses were 
evoked with different stimulation intensities (1, 1.5 or 2*MT) during predefined 
different phases of the step cycle (mid stance, end stance, onset swing and end swing,
i.e. 25%, 50%, 60% and 85% of the step cycle respectively, see fig. 5.2). Those phases 
were chosen in order to sample reflex responses in different hip positions across the 
various phases (stance/swing) of the step cycle and compare them with the static data. 
During dynamic conditions, the stimulations given were rather low in comparison with 
the static experiment (from 1*MT to 2*MT as compared to from 1*MT up to 5*MT in 
the static part). This was due to the fact that higher stimulations elicited a perturbed 
walking pattern. The phase of the step cycle where the hip was extended was of 
particular interest and therefore both end stance and onset swing was chosen. As seen 
in fig. 5.2 the phases corresponded to about 0°, 20° and -20° hip extension.
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Figure 5.2 Hip angle of a single subject. Traces of hip angle during walking starting with heel strike 
(t=0). Shown are the time periods where the reflex was evoked. Those periods correspond to 25%, 
5 0 %, 6 0 % and 8 5 % of the step cycle (i.e. mid stance, end stance, onset swing and end swing).
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For control and registration of background EMG, a dummy signal (i.e. a zero pulse) 
was used. Each stimulation was given 2 times. In total, for any given intensity, there 
were 10 stimulations (4 phases and 1 control) given randomly in each condition. Pure 
reflex response were obtained by subtracting the control from the reflex signal.
One experiment consisted of three task periods (i.e. walking with one of the three 
different stimulation intensities, each with a duration of 5 minutes). The order of 
intensities was always randomised.
5.2.4 Statistical analysis
The EMG responses were quantified by calculating the root mean square (RMS) over 
the period in which the response occurred. Therefore, a time window was set around 
the TA response. The window was defined by marking the onset and the end of the 
whole response. In this way the latency and the duration of each reflex response could 
be determined.
To allow comparison of leg muscle activity related to different conditions between the 
subjects, individual values were normalised to the individual grand mean. The 
differences between the conditions were calculated using a two-factorial ANOVA 
(a<0.05) with a subsequent Scheffe’s test. In the dynamic task, the differences 
between the phases were calculated using a Student’s paired t-test.
5.3 Results
5.3.1 Static condition
With increasing stimulation intensities the magnitude of the reflex response increased. 
The total size and the duration of the response increased significantly when stimulation 
was higher (P<0.05) for both conditions (see fig. 5.3). The increment of the 
recruitment curve was the same in both conditions (see fig. 5.3). The change in hip 
position affected the responses only at the lowest stimulus intensities. Responses were 
larger when the hip was extended.
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Figure 5.3 Normalised RMS data of the reflex responses during the static conditions. Data are 
averages ± sd from all subjects (N=10). Root mean square values with sd are shown for the supine 
position without (A) and with 20° hip extension (B). Compared data (without sd) are shown in C. 
* = significant increase of RMS.
Furthermore, at low stimulation intensity, the extension of the hip slightly shortened 
the latency (fig. 5.4). However, the increased responses were only present in 2 out of 
the 10 subjects at these low intensities and therefore it was not possible to perform 
group statistics. Over all subjects, there was no significant influence of hip angle on 
the size of the reflex response. The latency did not change at higher stimulation.
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Figure 5.4 EMG example of the enlargement of the reflex response during the static condition in a 
individual subject. During hip extension, the reflex response to increases.
5.3.2 Dynamic condition
In analogy with the static condition, during gait the reflex response amplitudes 
increased with stimulation strength. In addition a phase dependent modulation could 
be demonstrated.
At the stimulation intensity of 1*MT, the reflex responses at end swing tended to be 
higher as compared to those in the other phases but this difference was not significant 
(P<0.10; fig. 5.5). At 1.5*MT the responses were significant in all phases. At end 
stance, the responses were significantly higher than at onset swing (Student’s paired t- 
test, P=0.04, see fig. 5.5). At 2*MT the responses saturated and there were no longer 
differences in amplitude between the various phases of stimulation.
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Figure 5.5 Phase dependency of the reflex response in tibialis anterior (TA) muscle. Different reflex 
responses during walking with different stimulation intensities. Data are the averages ± sd from all 
subjects. * = significant difference between reflex and control response (P<0.05). ° = significant 
difference between the different phases (P<0.05).
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At low stimulation intensities, the reflex responses in the dynamic conditions were 
larger than during static conditions. In those subjects showing responses at the lowest 
intensities in the static conditions (i.e. at 20% of maximal stimulation) the response 
amplitude were 27% of the response during gait for supine and 24% for supine with 
hip extension respectively.
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5.4 Discussion
The aim of this study was to investigate if there is a specific influence of the hip angle 
on human lower limb reflex responses elicited by electrical stimulation of the tibial 
nerve. Therefore the impact of hip angle on reflex responses was studied in a static 
(supine position) and dynamic (walking) motor condition. The main findings were that 
in the supine resting condition, the reflex responses of the TA muscle were smaller 
than during gait. In both conditions the response amplitudes increased with stimulation 
strength, as observed in earlier studies (Shahani and Young 1971). Furthermore, in a 
few subjects, the responses in the static condition were facilitated by hip extension 
when low stimulus intensity was used (about 0.6*MT). Hence the present findings 
reveal that the tibial nerve induced reflexes resemble H-reflexes in that these also are 
facilitated by hip extension (Knikou and Rymer 2002). The latter authors concluded 
that the position of the hip is a controlling factor of spinal reflex excitability. The 
present data confirm this for a few of the subjects at low intensities.
A reflex modulation related to changes of the hip angle was demonstrated during gait 
as well, with a facilitation of these responses at end stance when hip extension is near 
maximum. The facilitation was much less at onset swing, despite similar hip angles. 
These findings were present at low stimulation intensity (1.5*MT) while at high 
stimulus intensities (2*MT) the responses saturated and were no longer influenced 
either by static (supine position) or by the dynamic hip position (related to the phase of 
the step cycle).
5.4.1 Cutaneous reflexes
The result about reflexes being larger during gait as compared to rest was expected. 
Using different nerve stimulation (sural), similar results were obtained (Duysens et al. 
1993; Zehr et al. 1999). The phase-dependent modulation observed here was also 
consistent with the previous findings of both Duysens and co-workers (1990) and 
Yang and Stein (1990). They observed that stimulation of the tibial nerve at the ankle 
elicited larger TA responses during most of the swing phase than during the stance 
phase. These observations were confirmed by Zehr and co-workers (1998) and Van 
Wezel and co-workers (1997).
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In the cat, it is shown that the initiation of the swing phase can be influenced by the 
position of the hip joint (Grillner and Rossignol 1978; Pearson and Rossignol 1991; 
Hiebert et al. 1996, for review see Whelan 1996; Duysens and Van der Crommert
1998). It was shown that direct input from hip afferents to the CPG is able to reset 
and/or entrain the locomotor rhythm (Grillner and Rossignol 1978). It was also 
demonstrated that hip movements could entrain rhythmic locomotor activity in spinal 
cats (Andersson and Grillner 1983). Hiebert and co-workers (1996) showed that 
selective stretches of hip flexors were able to induce flexor bursts (ankle flexors such 
as tibialis anterior had similar but weaker effects).
5.4.2 Human tibial nerve induced reflex responses during gait
In the present study, hip angle seemed not to influence the size of the reflex response 
in the static condition (except for the lowest stimulus intensity used) as it does in the 
H-reflex (Knikou and Rymer 2002). Presumably the reflex response is highly 
dominant and therefore resistant to modulation by other afferent sources. It also 
remains possible that the effects are primarily contralateral. In the cat, Rossignol and 
co-workers (1981) showed that crossed hind limb responses depend on hip position.
Another observed effect was that at low stimulation, the reflex responses during the 
dynamic condition were larger than during the static conditions. This was not due to a 
difference in background activity since background activity during end stance, where 
the hip angle is comparable with the hip angle during the static condition with hip 
extension, was quite low (see fig. 5.4). This difference between static and dynamic 
conditions was also found during sural nerve stimulation (Duysens et al. 1993) and 
suggests a task specific modulation of the response: higher reflex responses during 
gait, lower during static conditions.
In addition, in the present study the stimulations were extended to the nociceptive 
range. It was found that for 1.5*MT stimuli the end stance responses were larger than 
during early swing. Thus, hip angle alone cannot explain this result since the hip 
angles were not basically different in these two periods. However, it is conceivable 
that the dynamic hip extension played a role since it is known that stretching of hip 
flexor muscles plays a major role here (Hiebert et al. 1996, Whelan 1996).
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In conclusion, the present findings illustrate that the nociceptive reflexes are fairly 
resistant to changes in hip position or to phase-dependent modulation except when the 
stimulation is moderate. In the latter case there seems to be a facilitation of the 
responses when the hip is in an extended position while supine or when the hip is 
extending as during end stance in the step cycle.
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Chapter 6
Arm to leg co-ordination in human during walking, 
creeping and swimming activities
6.1 Introduction
Co-ordination of forelimb and hindlimb rhythmic activities represents one of the main 
features characterising quadruped locomotion (Gans et al. 1997). Substantial evidence 
indicates that specialised neural circuits located in the caudal spinal cord (the so-called 
central pattern generators or CPG for locomotion) organise the hindlimbs locomotor 
activity while others located in the rostral spinal cord control for the forelimbs 
locomotor activity (Grillner, 1981; Duysens and Van de Crommert, 1998). The co­
ordination of both circuits is obtained by way of long projecting propriospinal 
neurones inter-coupling cervical and lumbar spinal cord (Miller and Van der Burg, 
1973; Miller et al. 1975).
From some stage of evolution, human ancestors started to use bipedism as their 
preferred mode of locomotion. Although inconclusive, observations suggest that the 
spinal organisation underlying interlimb co-ordination in quadrupeds is preserved in 
humans. First, concordant evidence point to the existence of a human CPG located in 
the lower spinal cord and controlling leg movements during locomotion (Dietz, 1992; 
Duysens and Van de Crommert, 1998). Second, the arm balancing generated during 
walking is due to proactive shoulder and arm muscles activities that anticipate the 
movement (Ballestros et al. 1965; Craik et al. 1976), an observation consistent with the 
idea that dedicated neural circuits are controlling arm balancing during locomotion. 
Third, as in quadrupeds, long projecting propriospinal neurones couple the cervical 
and lumbar enlargements in human (Nathan and Smith, 1955; Nathan et al. 1996).
However, arm to leg co-ordination has mostly been investigated during walking, i.e. in 
a situation where the arms do not contribute to propulsion, but to the stabilisation of
Adapted from: Wannier T, Bastiaanse CM, Colombo G, Dietz V  (2001) Arm to leg co-ordination in 
human walking, swimming and creeping activities. Experimental Brain Research  141: 375-379
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the trunk. This use of the arms could indirectly lead to a co-ordination with the legs in 
this absence of any neurogenic coupling in-between the spinal circuits controlling the 
arm and leg movements. The aim of the present study was to clarify this issue by 
investigating the co-ordination of arm and leg movements during various forms of 
locomotion in human.
6.2 Methods
The study was performed with the collaboration of 13 healthy subjects (age: 20-40). 
All subjects gave informed consent to the experimental procedures, which have been 
approved by local ethics committee. The angular position of one to four limbs with 
respect to the trunk was established using potentiometers attached to the shoulder and 
hip joints on both sides. Additionally the EMG surface activity of up to eight shoulder 
and leg muscles were recorded simultaneously using standard techniques. For 
obtaining EMG activity of subjects swimming, the recording electrodes were kept 
isolated from water by covering them with plastic drape gluing to the skin. The EMG 
recordings were obtained from various leg (M. rectus femoris; M. biceps femoris; M. 
semitendinosus) and shoulder muscles (M. teres major, M. latissimus dorsi, M. 
deltoideus posterior, M. supraspinatus, M. trapezius, M. pectoralis major). In each 
session, care was taken to obtain simultaneous motion and EMG recordings from the 
arm and leg on both sides. The signals were amplified, band pass filtered (30-300 Hz), 
and transferred to a PC via an analogue-to-digital converter. All signals were sampled 
at 600 Hz.
In the course of a recording session, each subject was asked to perform various types 
of locomotor activities. These locomotor activities consisted of the following: a) 
walking at a constant velocity on a treadmill (ca. 4 km/h); b) creeping on all fours at a 
constant velocity on a treadmill (ca. 2.5 km/h); c) swimming; d) swimming with 
flippers; e) swimming with one flipper on the right foot. While swimming, the subject 
wore a harness attached to the border of the swimming pool in order to maintain a 
stable position with regard to the recording set-up. The subjects were supplied with a 
diving mask and snorkel for respiration. Crawl-style swimming was used in all 
conditions. In order to minimise the mechanical influence of body swing or water 
movement on inter-limb movements, subjects were also asked f) to simulate 
swimming while suspended in the air by a parachute harness connected to an overhead 
crane and g) to simulate quadrupedal motion while lying on the back.
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Data analysis was performed off-line using a PC and the SOLEASY software (ALEA 
Solutions GmbH, Zurich, Switzerland). The characteristics of the rhythmic activity of 
arms and legs were investigated by direct examination of the single recordings and the 
cycling frequency determined using Fourier analysis. For this purpose, EMG activity 
was rectified and low pass filtered (10 Hz). The limb position and processed EMG 
signals were then analysed using a fast Fourier transformation. To facilitate the 
evaluation of Fourier transformation plots, the signals under 0.2 Hz, which contained 
components unrelated to locomotion, were removed. The frequency component with 
the highest amplitude was taken as the cycle frequency of the muscle or limb. Except 
for locomotion on the treadmill some variability occurred, in particular when the 
subjects were tired. Moreover, several swim cycles were often necessary before a 
stable frequency relationship was established. Therefore, the analysis was only 
performed on periods of stable activity lasting for at least six consecutive cycles of the 
arm.
6.3 Results
When asked to walk or creep on all fours, the subjects moved the arm and leg on the 
same side in antiphase (fig. 6.1A, B). The general locomotor pattern thus corresponded 
to the diagonal form of gait commonly observed in quadrupeds. For both walking and 
creeping on all fours, the relation of cycle frequency between arms and legs remained 
constant and equal to 1, i.e. it was frequency locked in a 1/1 relationship (fig. 6.2A).
While swimming, the trajectory of the arms differed strongly from that of the legs. The 
arms were executing a 360o rotation in a sagittal plane while the legs moved in 
alternate flexion/extension movements of relatively short amplitude. Because of the 
large arm movement amplitude, the cycle duration of the arms commonly superseded 
that of the legs (fig. 6.1C,D and E). This feature became particularly evident when the 
subjects were asked to swim rapidly. In such a condition, the cycle frequency of the 
legs exceeded that of the arms by up to a factor of five. The frequency ratio between 
legs and arms was constant with a value of 1/1, 2/1,3/1,4/1 or even 5/1 (fig. 6.2B). 
Even if the subjects were swimming with flippers, the frequency relationship between 
arms and legs remained locked in an integer relation (fig. 6.2B). The relationship 
however often changed to a lower factor, as for instance for a particular subject 
changing from a 3/1 relationship without flippers (fig. 6.1C) to a 2/1 relationship with 
flippers (fig. 6.1D). The same was true if the subject was wearing one flipper only (fig.
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Figure 6.1: Co-ordination of arm and leg movements in a single person performing various types of 
locomotor activities. The left portion of each panel displays the motion of one arm and ipsilateral leg 
together with the EMG activity of one of their muscles (respectively teres major and biceps femoris). 
Grey areas delimit single arm cycles. The right portion of each panel displays the Fourier spectrums 
obtained from the signals on their left. Dotted lines indicate the position of the first five multiples of 
the fundamental frequency. a) During walking at 4.5 km/h; b) During creeping on all fours at 2.5 
km/h; c) During swimming using a crawl style; d) During swimming using a crawl style with flippers 
on both feet; e) During swimming using a crawl style with one flipper on the right foot; f) During 
swimming movements of the crawl style while suspended in the air. Time scale: 2s.
6.1E, fig. 6.2B). However, when fatigue occurred or when swimming was slow, the 
regularity and duration of the swim cycles tended to vary to some extent. This possibly 
explains why in some cases, no stable frequency relationship between arm and leg 
frequency was detected during the duration of the recording period. Note that for all 
forms of locomotor activities studied here and in particular while swimming with one 
flipper only, the cycle frequency of each limb remained equal to that generated by its 
contralateral homologue.
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Figure 6.2: Frequency relation between arm and leg movements. a) During walking and creeping on 
all fours; b) During normal swimming, swimming with one flipper on the right leg and swimming with 
two flippers; c) During swimming or creeping on all fours with the limbs moving in the air (no support 
for propulsion). Farm, Fleg: arm and leg cycling frequency. Dotted lines are lines of integer slope 
(y = kx, k ranges from 1 to 5).
In order to further ascertain whether co-ordination between arms and legs was 
neuronally mediated or due to mechanical interactions, the subjects were asked to 
swim while hanging in the air (fig. 6.1F), or to perform creeping movements while 
lying on the back. In both situations, the limbs moved in the air without contact with a 
solid medium, and mechanical interactions between the limbs were minimised by 
stabilising the trunk. When performing creeping movements, the arm and the leg on 
one side of the body could move either in phase or in anti-phase, whereas for the 
swimming movements the ipsilateral limbs always moved in anti-phase. In all cases, 
there was an integer relationship between the cycle frequency for the forelimbs and 
hindlimbs (fig. 6.2C). This integer relationship between forelimb and hindlimb 
movements was confirmed by analysing the EMG activity of proximal arm and leg 
muscles during the different locomotion and swimming tasks (fig. 6.1 and 6.2).
6.4 Discussion
The results presented here demonstrate that arm and leg co-ordinated during various 
locomotor activities in human. They also show that the frequency relationship 
characterising this co-ordination corresponds to those observed in systems consisting 
of two coupled oscillators.
Mathematical studies on the behaviour of two oscillators of respective frequency FA 
and FB, have shown that if the oscillators are coupled, the relation FA/FB tends to 
correspond to a ratio of small integers (e.g.: 1/1, 2/1, 3/1, 3/2, 5/2, ..., Glass and
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Mackey, 1988). Such an integer relationship is known to occur in well defined 
biological systems consisting of coupled oscillators (Guevara et al. 1988; Bartos et al. 
1999) and its presence has previously been used to demonstrate the existence of 
coupling between two oscillators; for instance between locomotion and respiration 
(Bramble and Carrier, 1983), and for interlimb co-ordination in animal (Stein, 1977; 
von Holst, 1938a, b; Grillner and Zangger, 1979) and man (Dietz and Berger, 1982). 
This frequency relationship also corresponds to that observed between arm and leg 
movements in the present study and its maintenance in conditions where mechanical 
interactions are minimised (swimming and crawling in the air) suggest that a coupling 
between the neuronal circuits controlling arm and leg movements underlie the 
phenomenon. However, a contribution of mechanical factors cannot be completely 
rejected. Indeed, in human a 2/1 co-ordination between arm and leg can be observed 
during slow walking (Craik et al. 1976) whose mechanical origin was demonstrated 
(Webb et al. 1994).
The mechanism underlying a neuronally based co-ordination could be searched for in a 
specific activation pattern of descending pathways. The arm and leg movements 
generated during crawl swimming are so different that they certainly require distinct, 
simultaneous, parallel, descending innervation of the cervical and lumbar spinal cord. 
In co-ordinated movements of ipsilateral hand and foot, this descending signals have 
been proposed as the primary origin of the co-ordination, with a possible role of 
assistance for the propriospinal systems (Baldissera et al. 1991). In our conditions 
however, the simplest way to account for the maintenance of the frequency co­
ordination observed while swimming with one or two flippers is to assume a central 
role for the long propriospinal projections existing in humans (Nathan and Smith, 
1955; Nathan et al. 1996). Phylogenetic considerations support this view. Thus, in 
quadrupeds, long propriospinal neurones couple the lumbar and the cervical 
enlargement, terminate in spinal nuclei implicated in locomotion (Giovanelli and 
Kuypers, 1969; Rustioni et al. 1971; Illert et al. 1978; Molenaar and Kuypers, 1978), 
and play an essential role in co-ordinating the forelimb and hindlimb (Miller and van 
der Burg, 1973; Miller et al. 1975; Viala and Vidal 1978).
A difficulty with this interpretation arises because in the present state of our 
knowledge, the existence of a CPG for leg and above all for arm movements in human 
is questionable. Even in non-human primates, the existence of a CPG for controlling 
the locomotor activity of the hindlimb has proven difficult to demonstrate (Eidelberg 
et al. 1981; Fedirchuk et al. 1998). While uncertain (Alstermark et al. 1999), this 
difficulty could reflect basic differences in the organisation of the cervical spinal cord
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in cat and primate (Maier et al. 1998; Nakajima et al. 2000). However, the efficacy of 
human therapies presupposing the existence of lumbar CPG in human bring a 
considerable support to the hypothesis of the existence of such circuits (Barbeau and 
Rossignol, 1994; Wernig et al. 1995; Dietz et al. 1998). Moreover, recent studies on 
the locomotor pattern induced in complete paraplegic patients indicated that the 
completeness of the pattern depends on the level of spinal cord injury (Dietz et al.
1999). Hence neuronal circuits up to a cervical level contribute to the locomotor 
pattern generator and, in line with the present observations, the swinging of the arms 
during locomotion might reflect this organisation.
The present demonstration of an interaction between cervical and lumbar neuronal 
circuits in human may be of some clinical relevance, in particular in the rehabilitation 
process of patients with an incomplete spinal lesion.
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Chapter 7
Neuronal co-ordination of  arm and leg movements 
during human locomotion
7.1 Introduction
The evolution of upright stance and gait in association with the differentiation of hand 
movements represents the basic requirement for human cultural development (Herder, 
1785). It requires a strong neuronal co-ordination between the legs. An unresolved 
question of this development is whether or not there are still residual functions of 
quadrupedal locomotion during human bipedal gait reflected in a neuronal linkage 
between leg and arm movements.
In many aspects bipedal and quadrupedal locomotion share common spinal neuronal 
control mechanisms (for reviews see Grillner, 1981, 1986, Dietz, 1992, 1997). 
Nevertheless, there are also distinct differences because upper limbs in primates 
became phylogenetically specialised to perform skilled hand movements. While 
forelimb movements of the cat are predominantly controlled via propriospinal 
neuronal circuits (for review see Alstermark and Lundberg, 1992), direct cortico- 
motoneuronal connections to hand muscles determine the degree of dexterity in 
humans and non-human primates (Nakajima et al. 2000). These new components 
which brought new specific functionality are integrated into pre-existing neuronal 
circuits (Georgopoulos and Grillner, 1989).
In quadrupeds an interlimb co-ordination exists not only between right and left fore- or 
hindlimb, but also between fore- and hindlimbs. Interlimb reflexes mediated by 
propriospinal neuronal circuits couple the lumbar to the cervical enlargement and play
Adapted from:
- Dietz V , Fouad K , Bastiaanse C M  (2001). Neuronal coordination o f arm and leg movements during human 
locomotion. European Journal o f  Neuroscience (14): 1906-1914
-Bastiaanse CM , Fouad K , D ietz V  (2001). Interlimb coordination between arms and legs during human 
locomotion. In: "Control o f  Posture and Gait". Duysens J, Smits-Engelsman B C M  and Kingm a H 
(eds.) Pp. 508-511
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an essential role in co-ordinating the fore- and hind limb during locomotion (Miller et 
al. 1975; Holstege and Blok, 1989; for review see Kato 1994). Furthermore, in 
quadrupeds fore- to hindlimb co-ordination can be maintained after spinal section at 
high cervical levels (Sherrington, 1910).
Human bipedal stance and gait requires a strong and effective neuronal interlimb co­
ordination between the legs. This is achieved by an automatic bilateral leg muscle 
activation following unilateral displacements during stance and gait (Berger et al. 
1984; for review, see Dietz, 1992). However, an interlimb co-ordination exists not 
only between leg muscles but also between the arms during a great variety of 
manipulative tasks (Peper and Carson, 1999; Serrien et al. 1999; for review see 
Swinnen et al. 1994).
At present it is unknown whether the neuronal circuits implicated in co-ordinating arm 
movements in humans are interconnected with those controlling leg movements during 
locomotion as a residual function of quadrupedal locomotion. Recently, it has been 
shown that neuronal circuits extending up to a cervical level contribute to the human 
locomotor pattern (Dietz et al. 1999), which is in accordance with animal studies 
(Cazalets and Bertrand, 2000). It was suggested that this is reflected in the swinging of 
the arms for stabilisation of the body during locomotion (Elftman 1939; Ballesteros et 
al. 1965). In line with this, so-called ‘interlimb reflexes’ were evoked in patients with 
a cervical spinal cord injury (Calancie et al. 1996). In such patients, transcutaneous 
electrical stimulation of the tibial nerves in the lower extremities evoked short-latency 
motor responses in distal muscles of upper limbs.
The aim of this study was to examine the interlimb co-ordination between leg and arm 
movements in walking humans. Therefore, unilateral leg perturbations or tibial nerve 
stimulations were applied at two phases of the step cycle and for comparison during 
standing and sitting. The EMG responses evoked by these perturbations were analysed 
in order to find out whether a task specific activation via spinal neuronal circuits of not 
only leg but also arm muscles occurs.
7.2 Methods
Experiments were performed on 10 healthy subjects aged between 21 and 32 years 
(mean ± sd, 25.5 ± 3.8) with both the approval of the local Ethics Committee and the 
subjects’ informed consent. All work conforms with the Declaration of Helsinki.
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The experiment started with walking on the treadmill (Woodway, Germany) at a 
comfortable pace of 3.5 km/h for adaptation. This was followed by four different 
walking tasks: walking with and without arm swing, standing and sitting. Fig. 7.1 
shows the experimental set-up.
During walking the right treadmill belt was accelerated (about 40 ms; 12 m/s , i.e. the 
displacement of 2.0 cm) or decelerated (about 100 ms; 5 m/s , i.e. displacement of 5.0 
cm).
The impulse configuration was chosen in such a way that both impulses induced the 
impression of a small irregularity of the ground conditions with about the same effect 
in ankle- and arm joint movements (fig. 7.1). The perturbation impulses during 
walking were randomly applied in one experimental session and were alternated with 
several steps without stimulation (dummy impulses, i.e., a “zero” pulse).
During standing and sitting (over the treadmill and foot contact with the belts) a 
backward directed displacement was induced at the right belt, i.e. the right leg was 
unexpectedly displaced backwards over 2.0 cm. After each perturbation, the feet were 
moved to the original position. This was individually done by moving the feet back to 
marked points. As there were at least 5 seconds between the stimuli, the subject had 
enough time to adapt the original position.
Force sensors (Kistler K-SHEAR Piezotron acceleration sensor, Kistler, Switzerland), 
underneath the treadmill belt, indicated heel strike of the right foot (i.e., onset of right 
stance) which was used as a trigger. The perturbation was released at two time points 
of the step cycle: during mid- and end-stance (0.15 s and 0.25 s after heel-strike). The 
walking experiment lasted about 45 minutes (100 impulses for each condition), the 
walking with restricted arm movements lasted about 15 minutes (30 impulses each), 
and the standing and sitting experiments (20 impulses each) lasted about 10 minutes.
In addition, 4 experiments were performed with electrical stimulation of the right tibial 
nerve instead of a mechanical perturbation. The stimulation electrode (Dantec, 
Denmark) was attached at the right ankle at about mid distance between the internal 
malleolus and the Achilles tendon, where the distal tibial nerve is closest to the skin 
surface. Trains of 10 biphasic rectangular pulses each of 1 ms duration at a frequency 
of 200 Hz were delivered to the tibial nerve. To ensure that stimulus conditions 
remained constant throughout the experiment, the stimulating electrode was firmly 
attached over the nerve using surgical tape.
7.2.1 Experimental protocol
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The stimulation was given during walking (mid stance), standing and sitting (with or 
without writing with the right hand). The writing experiment was performed in order 
to have activated proximal arm muscles, similarly as during gait.
During quiet standing, the motor threshold (MT) was determined by gradually 
increasing the stimulus intensity until visual muscle contraction was observed. The 
stimulation intensity was set on 1.4 times MT. This intensity was chosen as it is known 
to evoke cutaneous reflexes (cf. Yang and Stein, 1990). Furthermore by this approach 
constancy of stimulation strength could be controlled by monitoring the M waves 
(done in 2 subjects). The stimuli could be felt by the subjects (about twice perception 
threshold) but they did not evoke a perturbation and the muscle twitch evoked by the 
stimulus did not influence the EMG pattern. It is likely that proprioceptive and 
cutaneous afferents were excited by this stimulus strength.
7.2.2 E M G  and biomechanical recordings
Electromyographic activity (EMG) of gastrocnemius medialis (GM) and tibialis 
anterior (TA) muscles of both legs (R and L) as well as of the lateral part of the 
deltoideus (Delt), biceps (Bic) and triceps brachii (Tric) muscles of both arms was 
recorded using Ag/AgCl cup surface electrodes (Hellige, Germany). The EMG signals 
were amplified (Madaus Schwarzer, Germany), band-pass filtered (30-300 Hz), 
rectified and averaged (n=20, 30 or 100 impulses). The EMG responses were recorded 
from 100 ms pre-trigger to 2 s after stimulation. All signals were sampled at 1000Hz.
Ankle and shoulder movements were monitored using a mechanical goniometers 
which were fixed at the lateral aspect of the right ankle and upper arm. The signals of 
the force sensors (underneath the treadmill belts) were fed into an amplifier (Kistler 
Multichannel Charge Amplifier, Kistler, Switzerland) and digitised at 1000 Hz 
together with the signals of the goniometers. Individual step cycles were normalised 
according to a relative time scale of one step cycle starting and ending with the right 
heel strike. Triggering of the impulses and randomisation of trials were performed by a 
PC-based stimulation program (SOLEASY; ALEA Solutions GmbH, Switzerland). For 
further details of recordings see Bastiaanse et al. 2000, Fouad et al. 2001.
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7.2.3 Data Analysis
The compensatory responses were quantified by calculating the root mean square 
(RMS) of the EMG signal, representing the signal power over the time period in which 
the EMG response occurred (see also De Luca, 1997). To calculate the pure reflex 
response, the control EMG (i.e., EMG with the dummy impulses) was subtracted from 
the leg and arm muscle EMG activity following the impulses. The time window for the 
quantitative assessment of the EMG response was set from 60 to 140 ms after release 
of the impulse for all muscles in each subject. The window was chosen in such a way 
that it usually covered the whole averaged response (see fig. 7.2 and 7.3). In a few 
subjects, the TA response to a deceleration impulse during walking exceeded this 
window (range up to 200 ms, see fig. 7.5). However, this did neither affect the grand 
mean of the TA responses obtained from all subjects (cf. fig. 7.3) or the correlation 
coefficient. Correlation coefficients were calculated between the EMG responses 
(RMS values) of upper and lower limbs and between the size of EMG response and 
the level of background activity using a Pearson correlation test.
7.3 Results
7.3.1 Biom echanical effects
Fig. 7 .1A shows a schematic drawing of the experimental design. While subjects were 
walking with moderate speed (3,5 km/h) on a split-belt treadmill, short impulses 
(either treadmill accelerations or decelerations) were randomly applied at the right belt 
at mid or end of stance phase of the right leg. Only small deviations from the normal 
movement trajectories (measured by the goniometers) were induced by the 
perturbation on the right leg, and no visible ones on the arms. The mechanical effects 
of the deceleration (fig. 7.1B) and acceleration (fig. 7.1C) impulses on the right ankle 
and upper arm movements show these small deviations from the normal trajectories.
The right treadmill belt deceleration was followed by a right TA and the acceleration 
by a right GM EMG response. Both responses appeared with a latency in the range of 
65 to 80 ms. The relationship between response amplitude and maximal background 
EMG activity during the unperturbed step cycle that was calculated for all subjects 
was comparable for TA and GM, respectively (TA mean 1.28, GM mean 1.66).
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Figure 7.1: Experimental set-up and effect of leg displacement. The application of an acceleration 
impulse to the right leg during mid stance of locomotion (A). The effect of a deceleration (B) or 
acceleration (C) impulse to the right ankle and arm movements.
7.3.2 Perturbations during walking
Fig. 7.2 shows an individual example of two successive step cycles with the EMG 
responses in leg (TAR) and arm (Tric L) muscles following a treadmill acceleration 
impulse during mid stance of the right leg. The EMG responses to 100 randomly 
induced perturbations were averaged. The averaged arm responses for the stimuli 1 to 
30 was of about double amplitude compared to those from 70 to 100. In order to obtain 
the net EMG responses (fig. 7.2C), the EMG activity during normal locomotion (fig. 
7.2A) was subtracted from the recordings obtained when the perturbations (n=100) 
were released (fig. 7.2B). In the subtracted traces a distinct response appeared in the 
TAR with a latency of 75 ms and a duration of about 80 ms. (Note, however, that the 
time window for the quantitative assessment of all EMG responses was set from 60 to 
140 ms after release of the mechanical or electrical impulse). A distinct response could 
also be separated in the Tric L with an onset latency of about 80 ms and a duration of 
60 ms. The magnified net TAR response of fig. 7.2C is displayed within the box to 
show the time window for the calculation of the RMS value.
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Figure 7.2: Net effect of a deceleration impulse. Rectified and averaged (n=100) right TA and left 
Tric EMG activity during unperturbed (A), and perturbed (B) gait and the subtracted response (C). 
The subtracted response is also shown with a higher magnification and with the time window setting 
for further analysis. Data was obtained from one subject. The deceleration impulse was released 
during mid stance. The vertical dotted line indicates the onset of the impulse. Note the different 
calibration of the EMG signals.
Fig. 7.3 shows the means (10 subjects) of the individually averaged (n=100) EMG 
responses in the right leg and upper arm muscles of both sides following a deceleration 
impulse released at mid stance of the right leg during walking. The control EMG 
traces (without perturbation) are also displayed for comparison (thin lines). The right 
deceleration impulse was followed by a compensatory TAR activation, which started 
with a latency of 70 ms and lasted over about 100 ms. Distinct EMG responses 
appeared also in the upper arm muscles of both sides with a latency ranging from 65
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ms (Delt L) up to 80 ms (Bic L + Tric R). The responses were larger on the left (5-11 
pV) than on the right (5-8 pV) arm and were least pronounced in Bic on both sides. In 
all subjects the most pronounced EMG responses in the arm muscles were obtained 
following deceleration impulses, i.e., activation of TA, released during mid stance 
phase. The EMG responses were usually two to three times larger in amplitude than 
background EMG amplitude. Table 7.1 shows the correlation coefficients between the 
compensatory TA (table 7.1 A) or GM EMG response (table 7.1B) in the right leg 
following a deceleration or acceleration impulse, respectively. These impulses were 
applied during mid and end stance of gait. The EMG responses in the arm muscles of 
all subjects were taken for calculation.
A Correlation between TAR deceleration response and:
Bic R Tric R Delt R Bic L Tric L Delt L
Mid stance 0 .8 6 * 0.58* 0.35 0.50 0.72* 0.62*
End stance 0.62* 0.40 0.19 0.24 0.54 0.30
B  Correlation between GM R  acceleration response and:
Bic R Tric R Delt R Bic L Tric L Delt L
Mid stance 0.06 0.18 0.09 0.56 0.45 0.45
End stance 0.06 0 .2 1 0.41 0.42 0.56 0.04
Table 7.1: Correlations between leg and arm muscle responses. Correlation coefficients between right 
TA and arm muscle responses to deceleration impulses (A) and between the right GM and arm muscle 
responses to acceleration impulses (B). The responses to impulse released at mid- or end stance of the 
step cycle were taken together. Data was obtained from all subjects. Significant correlations are 
indicated by asterisks (*p< 0.05).
Table 7.1A shows the correlation coefficients between the right TA and all arm muscle 
EMG responses. When the deceleration impulse was released during mid stance, the 
correlation coefficients were significant for four of the six muscles studied (Bic R: 
p<0.001; Tric R: p<0.05; Delt L: p<0.05 and Tric L: p<0.05). In general, there was no 
significant side preference for the strength of correlation. When the displacements 
were applied at end stance, the correlation was only significant for Bic R (p<0.05)
Table 7.1B shows the correlation coefficients between the compensatory GM EMG 
response in the right leg following an acceleration impulse released during mid and 
end stance of gait and the EMG responses in the right and left upper arm muscles. In 
contrast to the results shown in table 7.1 A, there was no significant correlation 
between leg and arm muscle EMG responses. The difference between the correlation 
coefficients listed in table 7 .1A and those shown in table 7 .1B was significant.
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Figure 7.3: Arm and leg muscle responses to deceleration impulses. Means of the rectified and 
averaged (n=1 0 0 ) bilateral proximal arm and right leg muscles following a deceleration impulse 
released during mid stance. Data was obtained from all 10 subjects. The control EMG traces during 
unperturbed gait (thin lines) are displayed for comparison. The impulse was released at t = 0 ms.
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The strongest EMG responses appeared in the arm muscles with the largest 
background EMG amplitude (fig. 7.3: Delt > Bic). Table 7.2 shows the correlation 
coefficients between reflex responses and the respective background EMG amplitude 
(same time window) for the different arm muscles (responses to perturbation during 
mid and end stance were taken together). The closest significant correlations were 
found for the Delt R to the deceleration impulses followed by Delt R to acceleration 
and Tric R to acceleration and deceleration impulses. No correlation existed for the 
Bic muscles.
muscle acceleration deceleration
Delt R 0.64** 0 .8 6 **
Delt L 0.55* 0.40*
Tric R 0 .6 6 ** 0 .6 6 **
Tric L 0.28 0.17
Bic R -0.18 -0.14
Bic L 0.47** 0 .1 1
Table 7.2: Correlation coefficients between EMG responses and background activity. Correlation 
coefficients (r-values) and significance levels between net arm muscle EMG response and the 
respective background EMG activity RMS values. Data was obtained from all subjects. Significant 
correlations are marked by asterisks **p<0.01; *p<0.05).
7.3.3 Perturbations during standing and sitting
Fig. 7.4 shows an individual example of the averaged (n=20 for standing and sitting, or 
n=100 for walking) right leg (TAR) and left arm (Tric L) muscle EMG responses to a 
deceleration (walking) or to a forward directed impulse applied to the right leg during 
mid stance of walking (fig. 7.4A), stance (fig. 7.4B) and sitting (fig. 7.4C). The 
compensatory TA EMG response in the right leg was largest during gait and smaller 
during both stance and sitting. In contrast, a clear Tric EMG response in the left arm 
was present only during normal walking (with arm swing). When arm swing was 
inhibited arm muscle responses were reduced (to about 20% of the amplitude during 
gait with arm swing) and walking performance was altered with enhanced rotational 
movements of the body (not shown).
During both standing and sitting no clear responses could be observed. Taking the 
calculations for all 10 subjects, the Tric L response to the forward directed impulses 
was 2.45 (sd ± 0.27) times larger during walking compared to standing and 2.6 (sd ±
0.43) times larger compared to sitting. Of course when comparing the different 
conditions one has to be aware that the energy transferred to the body by the
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mechanical stimulation differed to some extent. Furthermore, the background EMG 
activity in the proximal arm muscles was smaller during standing and sitting than 
during walking.
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Figure 7.4: Comparison between walking, standing and sitting. Rectified and averaged right TA and 
left Tric EMG responses to a deceleration impulse during walking (A, n=100), a backward translation 
of the right belt during upright standing (B, n=20) and during sitting (C, n=20). During the standing 
and sitting conditions, the subjects were asked to relax the arms aside. The data was obtained from one 
subject. Control EMG recordings without perturbation (thin lines) are displayed for comparison. Note 
the different calibration of the leg and arm muscle EMG.
7.3.4 E lectrica l stimulations
Trains of electrical stimuli were applied to the distal right tibial nerve in the 
corresponding conditions described for right leg displacements. This was done first, to 
see whether a similar EMG response pattern can be obtained applying another 
stimulation modality and second, to recognise whether arm muscle responses can also 
be obtained without any mechanical effect on the arms induced by the perturbations.
Fig. 7.5 shows the means (3 subjects) of the individually averaged (n=100) bilateral 
arm and right leg EMG responses following a train of electrical impulses delivered to 
the right distal tibial nerve released at mid stance of the right leg during walking. The 
response pattern is similar to that obtained when perturbations were applied (cf. fig. 
7.3). The responses, however, were larger (maximum about 20 pV), while the earliest 
latencies (65 to 70 ms, Delt L and Tric L) were in range of those seen with 
perturbations. On the right (ipsilateral) arm the responses appeared with longer latency 
(110 to 120 ms).
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Figure 7.5: Arm and leg muscle EMG responses to electrical nerve stimulation. Means of the rectified 
and averaged (n=1 0 0 ) bilateral proximal arm and right leg muscles following electrical stimulation of 
the right tibial nerve during the mid stance phase of walking. Data was obtained from 3 subjects. The 
control EMG traces during unperturbed gait (thin lines) are displayed for comparison. Impulses were 
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Fig. 7.6 shows the averaged of the TAR and Tric L muscle EMG responses to the 
electrical stimulation during walking (fig. 7.6 A), stance (fig. 7.6B) and sitting with 
writing (fig 7.6C). Similar to the mechanical perturbation condition (fig 7.4), a clear 
response was present in the arm muscles only during walking but not during standing 
and sitting. This was also the case when arm muscles were activated (voluntary arm 
swing during standing or writing during sitting), i.e. when background EMG activity 
was similar in all 3 conditions.
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Figure 7.6: Comparison between walking, standing and sitting with writing. Rectified and averaged 
right TA and left Tric EMG responses to a electrical stimulation of the right tibial nerve during 
walking (A, n=100), standing with voluntary arm swing (B, n=20) and sitting while writing (C, n=20). 
The data was obtained from an individual subject. Control EMG recordings without stimulation (thin 
lines) are displayed for comparison. Note the different calibration of the leg and arm muscle EMG.
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7.4 Discussion
The aim of this study was to examine possible neuronal connections between upper 
and lower limbs during human gait. This study gives indirect evidence for a flexible 
neuronal coupling between upper and lower limbs, reflected in bilateral arm muscle 
reflex responses evoked by mechanical or electrical impulses applied to one leg. The 
main results obtained were 1) a close relationship between leg (especially TA) and arm 
muscle EMG responses and, 2) a task-dependency of the arm muscle responses, i.e., 
the fact that they were most pronounced during gait.
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7.4.1 Methodological considerations
Different mechanisms might be involved in the generation of arm muscle responses. 
For example, these responses share some characteristics with the “startle responses” in 
leg muscles caused by sudden loud acoustic stimuli (Nieuwenhuijzen et al. 2000; 
Schepens and Delwaide, 1995). These responses were also modulated during gait and 
were more prominent during gait than during sitting. However, the startle response in 
most muscles decreased to about 20% to 40% of the initial amplitude after 10 trials 
(interstimulus interval of 1.5 to 2.5 min; Nieuwenhuijzen et al. 2000), while the arm 
muscle responses described here decreased to about 50% of the initial amplitude after 
100 stimuli (interstimulus interval of 3 to 5 sec). Furthermore, while the response 
amplitude of the startle responses was in the range of 20% of maximum background 
activity, the responses observed here were usually considerably larger than 
background EMG amplitude.
Furthermore, the vestibular system might be involved in the generation of the arm 
muscle responses. The observation that the vestibular input to the regulation of upright 
stance is small (Fitzpatrick et al. 1994) and the fact that the leg displacements applied 
here had little effect on upper body movement makes a vestibular contribution to the 
arm muscle responses unlikely.
The EMG responses in the arm muscles might be caused by afferent feedback from the 
arms themselves or by disturbances around the neck following the perturbations. This 
appears to be rather unlikely, as similar responses were obtained following electrical 
nerve stimulation.
The earliest latencies of the arm muscle responses recorded here were in the range of 
65 to 80 ms. Cerebral potentials evoked by an electrical or mechanical stimulus 
applied to a leg during gait appear with a latency of about 65 ms (Dietz et al. 1985). 
Therefore, a transcortical pathway seems to be rather unlikely. The response latency 
would be compatible with a spinal or brainstem pathway. Nevertheless, for the later 
parts of the responses a supraspinal pathway might be involved.
7.4.2 Organisation o f interlimb co-ordination
One striking observation in the present study was the differential relationship between 
the compensatory leg- and the arm muscle responses, which was considerably stronger 
for the TA than for the GM response.
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The deceleration impulses were followed by a widespread activation of proximal arm 
muscles of both sides which amplitude was graded according to the size of the 
compensatory TAR response. Consequently, there seems to exist a flexible neuronal 
coupling between leg flexor and proximal arm muscles. Therefore, a stimulus applied 
to a leg can exert a direct influence not only on leg muscle EMG activity but also on 
the neuronal control of upper arm muscles of both sides. This connection to upper arm 
neuronal circuits was weaker when the leg extensor muscles were activated by 
acceleration impulses.
It could be argued that the effects of the deceleration and acceleration impulses could 
hardly be compared as the afferent input evoked might be quite different. However, 
the impulses are comparable as 1. they were perceived by the volunteers as similar 
“irregularities of the ground”; 2. the mechanical effects were, indeed, small and similar 
for both impulses (see fig. 7.1) and, 3. the response to background EMG relationship 
was similar for TA and GM.
There exists increasing evidence that leg flexor and extensor muscles are differentially 
controlled in animal and man (Cheng et al. 1998; for review see Dietz, 1992). For 
example, leg flexors have a high responsiveness to visual stimuli but the leg extensors 
to somatosensory input in the cat (Beloozerova and Sirota 1988) and in man (Dietz et 
al. 1992). In addition, cortico-spinal projections to lower limb motoneurons were 
shown to be stronger to the tibialis anterior than to the soleus muscles (Brouwer and 
Ashby, 1992, Schubert et al. 1997). Therefore, proprioceptive afferent information 
continuously modulates the activity of extensors with their antigravity function during 
gait, whereas the flexor activation is more controlled by central inputs (for review see 
Dietz, 1992).
Furthermore, in some recent models of locomotor control (Hiebert et al. 1996), the 
flexor half-centres of homologous limbs reciprocally inhibit each other during 
walking, whereas the extensor half-centres are not directly coupled with each other. A 
synchronous activation of the leg extensors on both sides could easily be elicited (i.e., 
stance phase co-existing on both sides), whereas a synchronous activation of flexor 
was rarely observed. Correspondingly, in human infant stepping, the relationship 
between the two flexor half-centres was stronger compared to the extensor half-centres 
(Pang and Yang, 2000). The observations made here would be in line with a more 
central dominance in the control of leg flexor activity.
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7.4.3 Task-dependency o f neuronal interlimb coupling
In both conditions of stimulation (mechanical and electrical), the arm muscle 
responses were strongest during normal gait (and modulated within the step cycle), 
small during walking with restricted arm swing and (almost) absent during stance and 
sitting. Certainly the level of background EMG activity influences the response 
amplitude (cf. table 7.2). However, even with a similar level of background activity, 
no distinct arm muscle responses were present following electrical stimulation during 
standing with voluntary arm swing or sitting with writing, while a large response 
occurred during walking (cf. fig. 7.6). Nevertheless, this does not exclude that also 
during stance and gait excitability changes occur in motor nuclei of upper arm muscles 
following leg stimulation. Such an elevation of excitability level was found following 
sural nerve stimulation using the H-reflex technique (Delwaide and Crenna 1984).
This indicates that the reflex pathway which couples the neuronal control of upper and 
lower limb muscles is task-dependent. This pathway obviously becomes gated by the 
activity of the so-called “central pattern generator” i.e., it becomes rhythmically 
facilitated and inhibited during gait. Consequently, this pathway seems not to be 
opened during stance and sitting. This would be in line with the idea that this reflex 
pathway represents a residual function of quadrupedal locomotion. Nevertheless, this 
“residual function” can still contribute to stabilise the body during locomotion (see 
paragraph “Functional Considerations”).
By the phylogenetic development of upright stance and gait, upper limb muscles have 
usually lost their locomotor function. During this development a change from a 
polysynaptic spinal to a strong direct cortico-motoneuronal control of hand muscles 
occurred which enables them to perform skilled hand movements (Nakajima et al.
2000). Nevertheless, upper limbs can be used for human locomotion, e.g., during 
swimming and crawling. In the latter task, a strong interlimb coupling from 1:1 to 1:3 
takes place (Wannier et al. 2001). Therefore, we would propose that the flexible 
coupling of upper and lower neuronal centres allows humans to use the upper limbs 
alternatively for manipulative and skilled movements or for a locomotor task.
7.4.4 Functional considerations
One functional sense of the arm muscle EMG responses could be a protective reaction 
to the displacement. However, this seems to be rather unlikely as the mechanical 
stimuli were so small that they were only perceived as irregularities of the ground
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conditions. In addition, the acceleration impulses which corresponded more closely to 
a natural perturbation were followed by weaker arm muscle EMG responses than the 
deceleration impulse. Furthermore, the arm muscle responses were larger following 
electrical compared to mechanical stimulation. Also it would make no sense that such 
a response would be larger during gait compared to a stance fulfilling a protective 
function. The arm muscle responses were also too short and usually too small to be 
associated with a visible arm movement. This, of course, might be different if stronger 
mechanical stimulus would be applied.
We would favour the idea that the EMG responses have to be seen in association with 
the swinging of the arms during locomotion. Swinging of the arms serves to regulate 
the rotation of the body during gait, i.e., it counteracts the torsional movements of the 
trunk (Elftman, 1939; Ballesteros et al. 1965). Therefore, swinging of the arms can be 
seen as an integral part of the dynamics of progression. In the present experiments arm 
muscle responses were facilitated and appropriately modulated during arm swing 
associated with gait: 1. for most arm muscles there was a close relationship between 
the amplitude of the responses and the strength of background activation of the 
respective arm muscles and, 2. there was a strong reduction of arm muscle responses 
and background EMG when arm movements became restricted. In this condition 
walking was slightly impaired as arm swing stabilises the body during locomotion. We 
are aware that this interpretation remains speculative.
From the observation made here (cf. fig. 7.3) it appears, that the bilateral arm 
responses refer to a coupling of the homologous limbs, although arm swing is co­
ordinated in an anti-phase mode. This is most probably due to the timing of the stimuli 
during the step cycle (i.e. mid stance) where an activation of Delt and Tric of both 
sides occurs (see level of background activity).
In conclusion we would suggest a functional gating of neuronal pathways between 
lower and upper limb muscles during human locomotion. It remains a future task to 
define these neuronal connections more precisely.
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Summary
This thesis describes six studies on the influence of active movements and body 
loading on reflex responses mainly in leg muscles. To measure this influence subjects 
were asked to walk with different loadings (for loading a backpack, for unloading a 
parachute harness with counterweight was used) or with different active movements 
(arm swing or active walking) while reflex responses were measured. Chapter 2 
describes the influence of body (un)loading on cutaneous reflex responses in different 
phases on the step cycle. Chapter 3 describes the influence of active and passive 
walking on the same reflex responses, to observe the movement-related influence. In 
chapter 4 is a description about the influence of carrying a load for a longer time on 
compensatory reflexes following a perturbation during walking. Chapter 5 is about the 
influence of hip joint position on the flexor reflex responses during static and dynamic 
conditions. In chapter 6 and 7, the arm to leg co-ordination is discussed. First this was 
done during different locomotor tasks (chapter 6) and thereafter, more specifically, the 
neuronal interlimb co-ordination of arm and leg movements was studied (chapter 7). 
The next sections summarise the results and conclusions of all experiments.
C hapter 2: M odulation of cutaneous reflexes by load receptor input during 
hum an walking
To determine the influence of body weight on cutaneous reflex responses we asked 
healthy subjects to walk on a treadmill with different body weights. During walking 
reflex responses were elicited by stimulating the sural nerve. The study showed that 
cutaneous reflex responses increased when the body loading decreased. Thus, the more 
weight bearing, the lower reflex responses. The reflex responses were not a simple 
function of the level of background activity. For example, in gastrocnemius medialis 
and soleus muscle, the largest reflex responses occurred during walking with body 
unloading, when background activity was decreased. Hence, stable ground conditions 
(body loading) yielded smaller reflexes. It is proposed that load receptors are involved 
in the regulation of cutaneous reflexes in order to adapt the locomotor pattern to the 
environmental conditions.
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C hapter 3: Phase-dependent modulation of cutaneous reflexes in robot-assisted 
walking
To determine the movement-related feedback of reflex modulation, healthy subjects 
were asked to walk on a treadmill within a driven gait orthosis. With this device, a 
walking pattern can be imposed to the legs, so that the subject is able to walk 
‘passively’. During different phases of the step cycle, cutaneous reflex responses were 
evoked. ‘Passive’ walking resulted in a reduction of the amplitude of the reflexes but 
some of the phase-dependent modulation persisted. However, the phase-dependent 
reflex reversal to suppressive responses, observed at end swing in tibialis anterior 
muscle during normal treadmill walking, disappeared during passive walking. Also the 
body unloading during assisted walking had an inhibitory effect on the amplitude of 
the reflex response. It is concluded that movement related feedback could account for 
a part of the phase dependent modulation but that other basic features, such as the 
reflex reversal, require active walking.
C hapter 4: Reflex adaptations during treadm ill walking with increased body load
In this experiment, subjects were walking on the treadmill with a 15 kg vest for about 
45 minutes. Before and after, the weight was removed and the subject walked with 
normal body weight. During walking, small perturbations were imposed on the right 
leg by an acceleration of the right treadmill belt. In general, the compensatory reflex 
response was most clear in the right gastrocnemius muscle (GMR), and consisted of a 
short inhibitory and a subsequent excitatory component. Both reflex components were 
larger when the body was loaded. During the course of loading, two different reflex 
adaptations were observed. In one group, the subjects started with a relative small 
reflex response and the responses increased to a higher level of EMG activity. After 
removal of the load, the responses adapted slowly to the control reflex values that were 
observed during walking with normal body load. In the second group, the opposite 
occurred during the load condition: EMG activity was first very large and afterwards 
decreased slowly to baseline level. After removing the load, the reflex responses 
reacted the same as in the first group: slow adaptation to control values. The results 
suggest that load information is not simply used in a fixed input/output relationship of 
the actual biomechanical conditions of a subject. Load information seems to be used to 
slowly modify the reflex response, to achieve the desired adaptation during walking.
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C hapter 5: The influence of the hip joint position on flexor reflex modulation 
during static and dynamic conditions
In this study, flexor reflex responses are determined under different conditions: 
dynamic and static. The latter condition was performed to observe objectively the 
influence of the hip on the flexor reflex. The static conditions was divided in two 
tasks: supine position (0° hip extension) and supine position with 20° hip extension. 
During both tasks, a recruitment curve was obtained by measuring the flexor reflex 
with different stimulation intensities. The results showed no different behaviour of the 
reflex responses between the two conditions when the stimulation intensity was high,
i.e. at high stimulation intensity during a static condition, there is no influence of hip 
angle on the size of the flexor reflex. At low stimulation intensity there seemed to be a 
modulation (more reflex response during supine position with hip extension). In both 
conditions, the latency remained the same, the duration and RMS value increased 
significantly with increasing stimulation intensity.
The dynamic condition existed of walking on a treadmill. During walking, flexor 
reflexes were elicited in phase, where the hip angle is in comparison with the static 
condition: mid stance (no hip extension), end stance (20° hip extension), onset swing 
(20° hip extension) and end swing (-20° hip extension, i.e. hip flexion). The last one 
was performed to simulate the hip joint position during the whole step cycle. 
Stimulation was given in three different intensities. In comparison to the static 
condition, during walking the reflex responses seemed also to be modulated when the 
stimulation intensity was low. Largest reflex responses were observed at end stance 
and end swing. During onset swing, the reflex responses were smaller, although the 
hip angle was similar. Tibialis anterior responses were both phase-dependent and 
dependent of the stimulation intensity. It is concluded that nociceptive reflexes are 
fairly resistant to changes in hip position or to phase-dependent modulation except 
when the stimulation is moderate. In the latter case there seems to be a facilitation of 
the responses when the hip is in an extended position.
C hapter 6: Arm to leg co-ordination in hum an during walking, creeping and 
swimming activities
In this study, healthy subjects were asked to perform different motor tasks, where a 
coupling between arm and leg movements exists, such as swimming, walking and 
creeping. It was observed that in all tasks, there was a fixed cyclic relationship 
between the arms and legs, which was 1:1, 2:1 or higher. Even slowing down the
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movement by e.g. swimming with flippers did not eliminate this fixed co-ordination. It 
is concluded that the arm to leg co-ordination is preserved, not only during walking 
but also in other locomotor tasks. This could suggest a system of two coupled centres 
in the spinal cord, which correspond to quadruped locomotion.
C hapter 7: Neuronal co-ordination of arm  and leg movements during human 
locomotion
In this study, neuronal interlimb coupling between arm and leg movements was 
investigated with the help of reflex responses to two different stimuli: a mechanical 
displacement and an electrical stimulation. This latter stimulation was performed to be 
sure that the responses to the mechanical displacements were neuronal and not 
biomechanical. The displacements were followed by specific electromyographic 
patterns of right leg and bilateral arm muscle EMG responses. Most arm muscle 
responses appeared with a short latency (65 to 80 ms) and were larger in the deltoid 
and triceps muscle than in the biceps muscle. The reflex responses correlated more 
closely with the right tibialis anterior (TA) response following deceleration impulses 
than with the right gastrocnemius medialis (GM) muscle response following 
acceleration impulses. Both stimulations revealed the largest responses when the 
impulse was given during mid stance. Also, the reflex responses had a closer 
correlation with TA than GM activity. Arm muscle responses were almost absent 
during the static conditions, suggesting a task-dependent neuronal coupling between 
the arms and legs. The fact that there was a stronger reflex response correlation with 
TA than GM activity suggests a differential neuronal control of leg flexors and 
extensors during locomotion.
96
Bibliography
ALSTERMARK B, Lundberg A (1992) The C3-C4 propriospinal system: target- 
reacting and food-taking. In: Jami L, Pierrot-Deseilligny E, Zytnicki D (eds.) Muscle 
Afferents and Spinal Control of Movement. Pergamon, Oxford, pp 327 - 354
ALSTERMARK B, Isa T, Ohki Y, SAITO Y (1999) Disynaptic pyramidal excitation in 
forelimb motoneurons mediated via C(3)-C(4) propriospinal neurons in the Macaca 
fuscata. J. Neurophysiol. 82: 3580-3585
Altenmuller E, Berger W, Prokop T, Trippel M, Dietz V (1995) Modulation of 
sural nerve somatosensory evoked potentials during stance and different phases of the 
step-cycle. Electroencephalogr. Clin. Neurophysiol. 96: 516-525
Andersson O, Grillner S (1983) Peripheral control of the cat's step cycle. II. 
Entrainment of the central pattern generators for locomotion by sinusoidal hip 
movements during "fictive locomotion.". Acta Physiol. Scand. 118: 229-239
BALDISSERA F, CAVALLARI P, Marini G, TASSONE G (1991) Differential control of 
in-phase and anti-phase coupling of rhythmic movements of ipsilateral hand and foot. 
Exp. Brain Res. 83: 375-380
BARBEAU H, ROSSIGNOL S (1994) Enhancement of locomotor recovery following 
spinal cord injury. Curr. Opin. Neurol. 7: 517-524
Bartos M, Manor Y, Nadim F, Marder E, Nusbaum MP (1999) Coordination of 
fast and slow rhythmic neuronal circuits. J. Neurosci. 19: 6650-6660
Bastiaanse CM, Duysens J, Dietz V (2000) Modulation of cutaneous reflexes by 
load receptor input during human walking. Exp. Brain Res. 135: 189-198
BELOOZEROVA IN, SIROTA MG (1988) Role of motor cortex in control of locomotion. 
In: Gurfinkel V, Joffe M, Massion J, Roll J (eds.) Stance and Motion: Facts and 
Concepts. Plenum Press, New York, pp 163-176
Bennett DJ, De Serres SJ, Stein RB (1996) Gain of the triceps surae stretch reflex 
in decerebrate and spinal cats during postural and locomotor activities. J. Physiol. 496: 
837-850
97
BERGER W, DIETZ V, Quintern J (1984) Corrective reactions to stumbling in man: 
neuronal co-ordination of bilateral leg muscle activity during gait. J. Physiol. 357: 
109-125
BRAMBLE DM, CARRIER DR (1983) Running and breathing in mammals. Science 219: 
251-56
BROOKE JD, Misiaszek JE, Cheng J (1993) Locomotor-like rotation of either hip or 
knee inhibits soleus H reflexes in humans. Somatosens. Mot. Res. 10: 357-364
Brooke JD, McIlroy WE, Collins DF, Misiaszek JE (1995) Mechanisms within 
the human spinal cord suppress fast reflexes to control the movement of the legs. Brain 
Res. 679: 255-260
Brooke JD, Cheng J, Collins DF, McIlroy WE, Misiaszek JE, Staines WR 
(1997a) Sensori-sensory afferent conditioning with leg movement: gain control in 
spinal reflex and ascending paths. Prog. Neurobiol. 51: 393-421
Brooke JD, McIlroy WE, Miklic M, Staines WR, Misiaszek JE, Peritore G, 
Angerilli P (1997b) Modulation of H reflexes in human tibialis anterior muscle with 
passive movement. Brain Res. 766: 236-239
Brooke JD, McIlroy WE, Staines WR, Angerilli PA, Peritore GF (1999) 
Cutaneous reflexes of the human leg during passive movement. J. Physiol. 518: 619­
628
Brouwer B, ASHBY P (1992) Corticospinal projections to lower limb motoneurons in 
man. Exp. Brain Res. 89: 649-654
CALANCIE B, LUTTON S, Broton JG (1996) Central nervous system plasticity after 
spinal cord injury in man: interlimb reflexes and the influence of cutaneous 
stimulation. Electroencephalogr. Clin. Neurophysiol. 101: 304-315
CARLSON-KUHTA P, TRANK TV, Smith JL (1998) Forms of forward quadrupedal 
locomotion. II. A comparison of posture, hindlimb kinematics, and motor patterns for 
upslope and level walking. J. Neurophysiol. 79: 1687-1701
CAZALETS JR, BERTRAND S (2000) Coupling between lumbar and sacral motor 
networks in the neonatal rat spinal cord. Eur. J. Neurosci. 12: 2993-3002
Cheng J, Stein RB, Jovanovic K, Yoshida K, Bennett DJ, Han Y (1998) 
Identification, localization, and modulation of neural networks for walking in the 
mudpuppy (Necturus maculatus) spinal cord. J. Neurosci. 18: 4295-4304
98
Clement G, Gurfinkel VS, Lestienne F, Lipshits MI, Popov KE (1984) 
Adaptation of postural control to weightlessness. Exp. Brain Res. 57: 61-72
Colombo G, Joerg J, Schreier R, Dietz V (2000) Treadmill training of paraplegic 
patients using a robotic orthosis. J. Rehab. Res. 37: 693-700
CONWAY BA, HULTBORN H, Kiehn O (1987) Proprioceptive input resets central 
locomotor rhythm in the spinal cat. Exp. Brain Res. 68: 643-656
Craik R, HERMAN R, Finley FR (1976) Human solutions for locomotion: Interlimb 
co-ordination. In: Herman R, Grillner S, Stein P, Stuart D (eds.) Neural control of 
locomotion. Plenum Press, New York, pp 51-64
DANION F, Bonnard M, PailhOUS J (1995) Joint-dependent mechanisms to adapt to 
an imbalance between flexion and extension forces in human gait. Neurosci. Lett. 187: 
185-188
DANION F, BONNARD M, PAILHOUS J (1997) Intentional on-line control of propulsive 
forces in human gait. Exp. Brain Res. 116: 525-538
DE Leon RD, HODGSON JA, Roy RR, Edgerton VR (1999) Retention of hindlimb 
stepping ability in adult spinal cats after the cessation of step training. J. Neurophysiol. 
81: 85-94
DE LUCA CJ (1997) The use of surface electromyography in biomechanics. J. Appl. 
Biomech. 13: 135-163
Delwaide PJ, Crenna P (1984) Cutaneous nerve stimulation and motoneuronal 
excitability. II: Evidence for non-segmental influences. J. Neurol. Neurosurg. 
Psychiatry 47: 190-196
DE SERRES SJ, YANG JF, PATRICK SK (1995) Mechanism for reflex reversal during 
walking in human tibialis anterior muscle revealed by single motor unit recording. J. 
Physiol. 488: 249-258
DIETZ V, BERGER W (1982) Spinal coordination of bilateral leg muscle activity during 
balancing. Exp. Brain Res. 47: 172-176
Dietz V, Quintern J, Berger W (1985) Afferent control of human stance and gait: 
evidence for blocking of group I afferents during gait. Exp. Brain Res. 61: 153-163
DIETZ V, Quintern J, Sillem M (1987) Stumbling reactions in man: significance of 
proprioceptive and pre-programmed mechanisms. J. Physiol. 386: 149-163
99
DIETZ V (1992) Human neuronal control of automatic functional movements: 
interaction between central programs and afferent input. Physiol. Rev. 72: 33-69
Dietz V, Gollhofer A, Kleiber M, Trippel M (1992a) Regulation of bipedal 
stance: dependency on "load" receptors. Exp. Brain Res. 89: 229-231
Dietz V, Schubert M, Trippel M (1992b) Visually induced destabilization of human 
stance: neuronal control of leg muscles. NeuroReport 3: 449-452
DIETZ V, COLOMBO G, Jensen L (1994) Locomotor activity in spinal man. Lancet 
344: 1260-1263
DIETZ V, COLOMBO G (1996) Effects of body immersion on postural adjustments to 
voluntary arm movements in humans: role of load receptor input. J. Physiol. 497: 849­
856
DIETZ V (1997) Neurophysiology of gait disorders: present and future applications. 
Electroencephalogr. Clin. Neurophysiol. 103: 333-355
DIETZ V (1998) Evidence for a load receptor contribution to the control of posture and 
locomotion. Neurosci. Biobehav. Rev. 22: 495-499
DIETZ V, COLOMBO G (1998) Influence of body load on the gait pattern in Parkinson's 
disease. Mov. Disord. 13: 255-261
Dietz V, WIRZ M, Colombo G, curt A (1998) Locomotor capacity and recovery of 
spinal cord function in paraplegic patients: a clinical and electrophysiological 
evaluation. Electroencephalogr. Clin. Neurophysiol. 109: 140-153
DIETZ V, NAKAZAWA K, Wirz M, Erni T (1999) Level of spinal cord lesion 
determines locomotor activity in spinal man. Exp. Brain Res. 128: 405-409
DUYSENS J, Pearson KG (1976) The role of cutaneous afferents from the distal 
hindlimb in the regulation of the step cycle of thalamic cats. Exp. Brain Res. 24: 245­
255
DUYSENS J, PEARSON KG (1980) Inhibition of flexor burst generation by loading ankle 
extensor muscles in walking cats. Brain Res. 187: 321-332
Duysens J, Trippel M, Horstmann GA, Dietz V (1990) Gating and reversal of 
reflexes in ankle muscles during human walking. Exp. Brain Res. 82: 351-358
Duysens J, Tax AAM, van der Doelen B, Trippel M, Dietz V (1991) Selective 
activation of human soleus or gastrocnemius in reflex responses during walking and 
running. Exp. Brain Res. 87: 193-204
100
Duysens J, Tax AAM, Trippel M, Dietz V (1992) Phase-dependent reversal of 
reflexly induced movements during human gait. Exp. Brain Res. 90: 404-414
Duysens J, Tax AAM, Trippel M, Dietz V (1993) Increased amplitude of cutaneous 
reflexes during human running as compared to standing. Brain Res. 613: 230-238
DUYSENS J, TAX AAM, Murrer L, Dietz V (1996) Backward and forward walking 
use different patterns of phase-dependent modulation of cutaneous reflexes in humans. 
J. Neurophysiol. 76: 301-310
DUYSENS J, VAN der Crommert HWAA (1998) Neural control of locomotion part 1: 
the central pattern generator from cats to humans. Gait Posture 7: 131-141
DUYSENS J, Clarac F, Cruse H (2000) Load regulating mechanisms in gait and 
posture: comparative aspects. Physiol. Rev. 80: 1-51
EDGERTON VR, ROY RR (1996) Neuromuscular adaptations to actual and simulated 
space flight. In: Handbook of Physiology, section 4: Environmental Physiology, vol. 1. 
Oxford University Press, Oxford New York, pp 721-763
EDGERTON VR, DE LEON RD, TILLAKARATNE N, RECKTENWALD MR, HODGSON JA, 
ROY RR (1997) Use-dependent plasticity in spinal stepping and standing. In: Seil F 
(ed.) Advances in Neurology: Neuronal Regeneration, Reorganisation and Repair, vol 
72. Lippincott-Raven Publishers, Philadelphia, pp 233-247
EIDELBERG E, WALDEN JG, N guyen LH (1981) Locomotor control in macaque 
monkeys. Brain 104: 647-663
Eke-OkorO ST, GregoriC M, LARSSON LE (1997) Alterations in gait resulting from 
deliberate changes of arm-swing amplitude and phase. Clin. Biomech. 12: 516-521
ELFTMAN H (1939) The function of the arms during walking. Hum. Biol. 11: 529-535
FAIST M, DIETZ V, Pierrot-Deseilligny E (1996) Modulation, probably presynaptic 
in origin, of monosynaptic Ia excitation during human gait. Exp. Brain Res. 109: 441­
449
FAIST M, Blahak C, Duysens J, BERGER W (1999) Modulation of the biceps femoris 
tendon jerk reflex during human locomotion. Exp. Brain Res. 125: 265-270
Fedirchuk B, N ielsen J, Petersen N, Hultborn H (1998) Pharmacologically 
evoked fictive motor patterns in the acutely spinalized marmoset monkey (Callithrix 
jacchus). Exp. Brain Res. 122: 351-361
101
Fernandez-Ballesteros ML, Buchtal F, Rosenfalk P (1965) The pattern of 
muscular activity during the arm swing of natural walking. Acta Physiol. Scand. 63: 
296-310
FINCH L, Barbeau H, Arsenault B (1991) Influence of body weight support on 
normal human gait: development of a gait retraining strategy. Phys. Ther. 71: 842-855; 
discussion 855-846
Fitzpatrick R, Rogers DK, McCloskey DI (1994) Stable human standing with 
lower-limb muscle afferents providing the only sensory input. J. Physiol. 480: 395-403
FOUAD K, Pearson KG (1997) Effects of extensor muscle afferents on the timing of 
locomotor activity during walking in adult rats. Brain Res. 749: 320-328
FOUAD K, Dietz V, BASTIAANSE CM (2001) Reflex adaptations during treadmill 
walking with increased body load. Exp. Brain Res. 137: 133-140
GANS C, GAUNT AS, WEBB PW (1997) Vertebrate locomotion. In: Dantzler W (ed.) 
Handbook of Physiology. Section 13: Comparative Physiology. Oxford University 
Press, New York, pp 55-213
Gatev P, THOMAS S, Kepple t , Hallett M (1999) Feedforward ankle strategy of 
balance during quiet stance in adults. J. Physiol. 514: 915-928
GeorGOPOULOS AP, GRILLNER S (1989) Visuomotor coordination in reaching and 
locomotion. Science 245: 1209-1210
Ghori GM, LUCKWILL RG (1985) Responses of the lower limb to load carrying in 
walking man. Eur. J. Appl. Physiol. Occup. Physiol. 54: 145-150
GIOVANELLI-BARILARI M, Kuypers HGJM (1969) Propriospinal fibers 
interconnecting the spinal enlargements in the cat. Brain Res. 14: 321-330
GLASS G, MACKAY M (1988) Periodic stimulation of biological oscillators. In: From 
clocks to chaos, chapter 7, Princeton university press, Princeton, pp 119-143
GOLDFARB J, MULLER RU (1971) Occurrence of heteronymous monosynaptic reflexes 
following tenotomy. Brain Res. 28: 553-555
GOSSARD JP, Brownstone RM, BARAJON I, HULTBORN H (1994) Transmission in a 
locomotor-related group Ib pathway from hindlimb extensor muscles in the cat. Exp. 
Brain Res. 98: 213-228
102
GRILLNER S (1973) Locomotion in the spinal cat. In: Stein R, Pearson K, Smith R, 
Redford R (eds.) Control of posture and locomotion. Plenum Press, New York, pp 
515-535
GRILLNER S, ROSSIGNOL S (1978) On the initiation of the swing phase of locomotion 
in chronic spinal cats. Brain Res. 146: 269-277
GRILLNER S, ZANGGER P (1979) On the central generation of locomotion in the low 
spinal cat. Exp. Brain Res. 34: 241-261
Grillner S (1981) Control of locomotion in bipeds, tetrapods and fish. In: Handbook 
of Physiology. The Nervous System. Motor Control, vol II, Chapter 26. Am. Physiol. 
Soc., Washington DC, pp. 1179-1236
GRILLNER S (1986) Interaction between sensory signals and the central networks 
controlling locomotion in lamprey, dogfish and cat. In: Grillner S, Stein P, Stuart D, 
Forssberg H, Hermann R (eds.) Wenner-Gren International Symposium Series. 
Neurobiology of Vertebrate Locomotion, vol 45. Macmillan, London, pp 505-512
Guertin P, Angel MJ, Perreault MC, McCrea DA (1995) Ankle extensor group I 
afferents excite extensors throughout the hindlimb during fictive locomotion in the cat. 
J. Physiol. 487: 197-209
GUEVARA MR, Shrier A, GLASS L (1988) Phase-locked rhythms in periodically 
stimulated heart cell aggregates. Am. J. Physiol. 254: H1-10
Harkema SJ, Hurley SL, Patel UK, Requejo PS, Dobkin BH, Edgerton VR 
(1997) Human lumbosacral spinal cord interprets loading during stepping. J. 
Neurophysiol. 77: 797-811
Hauglustaine S, Prokop T, van Zwieten KJ, Duysens J (2001) Phase-dependent 
modulation of cutaneous reflexes of tibialis anterior muscle during hopping. Brain 
Res. 897: 180-183
Herder J (1785) Ideen zu Philosophie der Geschichte der Menschheit. Hartknoch, 
Leipzig
Hiebert GW, Whelan PJ, Prochazka A, Pearson KG (1996) Contribution of hind 
limb flexor muscle afferents to the timing of phase transitions in the cat step cycle. J. 
Neurophysiol. 75: 1126-1137
HIEBERT GW, Pearson KG (1999) Contribution of sensory feedback to the generation 
of extensor activity during walking in the decerebrate Cat. J. Neurophysiol. 81: 758­
770
103
HOLSTEGE G, BLOK BF (1989) Descending pathways to the cutaneous trunci muscle 
motoneuronal cell group in the cat. J. Neurophysiol. 62: 1260-1269
HORAK FB, NASHNER LM, Diener HC (1990) Postural strategies associated with 
somatosensory and vestibular loss. Exp. Brain Res. 82: 167-177
HULTBORN H, Illert M (1991) How is motor behaviour reflected in the organization 
of spinal systems? In: Humphrey D (ed.) Motor Control: Concepts and Issues. John 
Wiley & Sons Ltd, pp 49-73
ILLERT M, Lundberg A, PADEL Y, Tanaka R (1978) Integration in descending motor 
pathways controlling the forelimb in the cat. 5. Properties of and monosynaptic 
excitatory convergence on C3--C4 propriospinal neurones. Exp. Brain Res. 33: 101­
130
JAMI L (1992) Golgi tendon organs in mammalian skeletal muscle: functional 
properties and central actions. Physiol. Rev. 72: 623-666
JANKOWSKA E (1992) Interneuronal relay in spinal pathways from proprioceptors. 
Prog. Neurobiol. 38: 335-378
KATO M (1994) Interlimb coordination during locomotor activities. Spinal-intact cats 
with horizontal and longitudinal separation of the spinal cord. In (eds.) I. In: Swinnen 
S, Massio J, HEUER H, Caesar P (eds.) Interlimb Co-ordination: Neural, Dynamical 
and Cognitive Constraints. Academic Press, San Diego, pp 76-96
KIRKWOOD PA, Sears TA (1975) Monosynaptic excitation of motoneurons from 
muscle spindle secondary endings of intercostal and triceps surae muscles in the cat. J. 
Physiol. 245: 64-66
KNIKOU M, Rymer WZ (2002) Effects of changes in hip joint angle on H-reflex 
excitability in humans. Exp. Brain Res. 143: 149-159
KOMIYAMA T, ZEHR EP, Stein RB (2000) Absence of nerve specificity in human 
cutaneous reflexes during standing. Exp. Brain Res. 133: 267-272
LAYNE CS, MCDONALD PV, Bloomberg JJ (1997) Neuromuscular activation patterns 
during treadmill walking after space flight. Exp. Brain Res. 113: 104-116
LOU JS, Bloedel JR (1988) A new conditioning paradigm: conditioned limb 
movements in locomoting decerebrate ferrets. Neurosci. Lett. 84: 185-190
LOVELY RG, Gregor RJ, ROY RR, EDGERTON VR (1986) Effects of training on the 
recovery of full-weight-bearing stepping in the adult spinal cat. Exp. Neurol. 92: 421­
435
104
LUHTANEN P, KOMI PV (1980) Force-, power-, and elasticity-velocity relationships in 
walking, running, and jumping. Eur. J. Appl. Physiol. 44: 279-289
LUNDBERG A, MALMGREN K, SCHOMBURG ED (1977) Comments on reflex actions 
evoked by electrical stimulation of group II muscle afferents. Brain Res. 122: 551-555
Maier MA, Illert M, Kirkwood PA, N ielsen J, Lemon RN (1998) Does a C3-C4 
propriospinal system transmit corticospinal excitation in the primate? An investigation 
in the macaque monkey. J. Physiol. 511: 191-212
MATTHEWS PBC (1972) Mammalian muscle receptors and their central actions. In: 
Davson H, Greenfield A, Whittam R, Brindley G (eds.) Monographs of the 
physiological society. Edward Arnold Ltd, London
McCrea DA (1998) Neuronal basis of afferent-evoked enhancement of locomotor 
activity. Ann. NY Acad. Sci. 860: 216-225
MCILROY WE, COLLINS DF, BROOKE JD (1992) Movement features and H-reflex 
modulation. II. Passive rotation, movement velocity and single leg movement. Brain 
Res. 582: 85-93
MENARD A, Leblond H, GOSSARD JP (1999) The modulation of presynaptic 
inhibition in single muscle primary afferents during fictive locomotion in the cat. J. 
Neurosci. 19: 391-400
MILLER S, VAN der Burg J (1973) The function of long propriospinal pathways in the 
co-ordination of quadrupedal stepping in the cat. In: Stein R, Pearson K, Smith R, 
Redford J (eds.) Control of posture and locomotion. Plenum Press, New York, pp 561­
577
MILLER S, VAN DER Burg J, VAN DER MECHE FGA (1975) Coordination of 
movements of the hindlimbs and forelimbs in different forms of locomotion in normal 
and decerebrate cats. Brain Res. 91: 217-237
MOLENAAR I, KUYPERS HGJM (1978) Cells of origin of propriospinal fibers and of 
fibers ascending to supraspinal levels. A HRP study in cat and rhesus monkey. Brain 
Res. 152: 429-450
NAKAJIMA K, MAIER MA, KIRKWOOD PA, LEMON RN (2000) Striking differences in 
transmission of corticospinal excitation to upper limb motoneurons in two primate 
species. J. Neurophysiol. 84: 698-709
105
NardONE A, CORRA T, SCHIEPPATI M (1990) Different activations of the soleus and 
gastrocnemii muscles in response to various types of stance perturbation in man. Exp. 
Brain Res. 80: 323-332
NASHNER LM (1976) Adapting reflexes controlling the human posture. Exp. Brain 
Res. 26: 59-72
NATHAN PW, Smith MC, Deacon P (1996) Vestibulospinal, reticulospinal and 
descending propriospinal nerve fibres in man. Brain 119: 1809-1833
NATHAN PW, Smith MC (1955) Long descending tracts in man. I. Review of present 
knowledge. Brain 78: 248-303
N ieuwenhuijzen PHJA, Schillings AM, Van Galen GP, Duysens J (2000) 
Modulation of the startle response during human gait. J. Neurophysiol. 84: 65-74
PANG MYC, Yang JF (2000) The initiation of the swing phase in human infant 
stepping: importance of hip position and leg loading. J. Physiol. 528: 389-404
PEARSON KG, ROSSIGNOL S (1991) Fictive motor patterns in chronic spinal cats. J. 
Neurophysiol. 66: 1874-1887
PEARSON KG, RAMIREZ JM, JIANG W (1992) Entrainment of the locomotor rhythm by 
group Ib afferents from ankle extensor muscles in spinal cats. Exp. Brain Res. 90: 557­
566
PEARSON KG (1995) Proprioceptive regulation of locomotion. Curr. Opin. Neurobiol. 
5: 786-791
PEARSON KG, MISIASZEK JE, Fouad K (1998) Enhancement and resetting of 
locomotor activity by muscle afferents. Ann. NY Acad. Sci. 860: 203-215
PEARSON KG, FOUAD K, Misiaszek JE (1999) Adaptive changes in motor activity 
associated with functional recovery following muscle denervation in walking cats. J. 
Neurophysiol. 82: 370-381
PEPER CE, CARSON RG (1999) Bimanual coordination between isometric contractions 
and rhythmic movements: an asymmetric coupling. Exp. Brain Res. 129: 417-432
ROSSI A, Decchi B (1994) Flexibility of lower limb reflex responses to painful 
cutaneous stimulation in standing humans: evidence of load-dependent modulation. J. 
Physiol. 481: 521-532
ROSSIGNOL S, Julien C, Gauthier L (1981) Stimulus--response relationships during 
locomotion. Can. J. Physiol. Pharmacol. 59: 667-674
106
RUSTIONI A, KUYPERS HGJM, HOLSTEGE G (1971) Propiospinal projections from the 
ventral and lateral funiculi to the motoneurons in the lumbosacral cord of the cat. 
Brain Res. 34: 255-275
SCHOMBURG ED, BEHRENDS HB (1978) The possibility of phase-dependent 
monosynaptic and polysynaptic is excitation to homonymous motoneurones during 
fictive locomotion. Brain Res. 143: 533-537
Schomburg ED, Petersen N, Barajon I, Hultborn H (1998) Flexor reflex 
afferents reset the step cycle during fictive locomotion in the cat. Exp. Brain Res. 122: 
339-350
Schubert M, Curt A, Jensen L, Dietz V (1997) Corticospinal input in human gait: 
modulation of magnetically evoked motor responses. Exp. Brain Res. 115: 234-246
SERRIEN DJ, BOGAERTS H, SUY E, SWINNEN SP (1999) The identification of 
coordination constraints across planes of motion. Exp. Brain Res. 128: 250-255
Shahani BT, YOUNG RR (1971) Human flexor reflexes. J. Neurol. Neurosurg. 
Psychiatry 34: 616-627
SHERRINGTON CS (1910) Flexion reflex of the limb, crossed extension-reflex, and 
reflex stepping and standing. J. Physiol. 40: 28-121
Staines WR, Brooke JD, Cheng J, Misiaszek JE, MacKay WA (1997a) 
Movement-induced gain modulation of somatosensory potentials and soleus H- 
reflexes evoked from the leg. I. Kinaesthetic task demands. Exp. Brain Res. 115: 147­
155
Staines WR, Brooke JD, Misiaszek JE, McIlroy WE (1997b) Movement-induced 
gain modulation of somatosensory potentials and soleus H-reflexes evoked from the 
leg. II. Correlation with rate of stretch of extensor muscles of the leg. Exp. Brain Res. 
115: 156-164
Stein PSG (1977) Application of the mathematics of coupled oscillator systems to the 
analysis of the neural control of locomotion. Fed. Proc. 36: 2056-2059
STEIN RB (1995) Presynaptic inhibition in humans. Prog. Neurobiol. 47: 533-544
STEPHENS MJ, YANG JF (1999) Loading during the stance phase of walking in humans 
increases the extensor EMG amplitude but does not change the duration of the step 
cycle. Exp. Brain Res. 124: 363-370
107
SWINNEN SP, MASSION J, HEUER H (1994) Topics on interlimb co-ordination. In: 
Swinnen S, Massion J, Heuer H, Caesar P (eds.) Interlimb Co-ordination: Neural, 
Dynamical and Cognitive Constraints. Academic Press, San Diego, pp 1-27
SWINNEN SP (2002) Intermanual coordination: from behavioural principles to neural­
network interactions. Nat. Rev. Neurosci. 3: 350-361
TAX AAM, Van w ezel  BMH, Dietz V (1995) Bipedal reflex coordination to tactile 
stimulation of the sural nerve during human running. J. Neurophysiol. 73: 1947-1964
TING LH, RAASCH CC, Brown DA, KAUTZ SA, ZAJAC FE (1998) Sensorimotor state 
of the contralateral leg affects ipsilateral muscle coordination of pedaling. J. 
Neurophysiol. 80: 1341-1351
Tsika RW, Herrick RE, Baldwin KM (1987) Effect of anabolic steroids on 
overloaded and overloaded suspended skeletal muscle. J. Appl. Physiol. 63: 2128-2133
Van de Crommert HWAA, Faist M, Berger W, Duysens J (1996) Biceps femoris 
tendon jerk reflexes are enhanced at the end of the swing phase in humans. Brain Res. 
734: 341-344
VAN WEZEL BMH, Ottenhoff FAM, DUYSENS J (1997) Dynamic control of 
location-specific information in tactile cutaneous reflexes from the foot during human 
walking. J. Neurosci. 17: 3804-3814
VIALA D, VIDAL C (1978) Evidence for distinct spinal locomotion generators 
supplying respectively fore- and hindlimbs in the rabbit. Brain Res. 155: 182-186
VON HOLST E (1938a) Neue Versuche zur Deutung der relativen Koordination bei 
Fischen. Pflugers Arch. 240: 1-43
VON HOLST E (1938b) Ueber relative Koordination bei Säugern und beim Menschen. 
Pflugers Arch. 240
WANNIER T, BASTIAANSE CM, COLOMBO G, DIETZ V (2001a) Arm to leg 
coordination in humans during walking, creeping and swimming activities. Exp. Brain 
Res. 141: 375-379
WEBB D, Tuttle RH, BAKSH M (1994) Pendular activity of human upper limbs 
during slow and normal walking. Am. J. Phys. Anthropol. 93: 477-489
WERNIG A, Muller S, NanASSY A, Cagol E (1995) Laufband therapy based on 
'rules of spinal locomotion' is effective in spinal cord injured persons. Eur. J. Neurosci. 
7: 823-829
108
Whelan PJ, Hiebert GW, Pearson KG (1995) Stimulation of the group I extensor 
afferents prolongs the stance phase in walking cats. Exp. Brain Res. 103: 20-30
WHELAN PJ (1996) Control of locomotion in the decerebrate cat. Prog. Neurobiol. 49: 
481-515
WHELAN PJ, PEARSON KG (1997) Plasticity in reflex pathways controlling stepping in 
the cat. J. Neurophysiol. 78: 1643-1650
YANG JF, Stein RB (1990) Phase-dependent reflex reversal in human leg muscles 
during walking. J. Neurophysiol. 63: 1109-1117
YANG JF, Stephens MJ, ViSHRAM R (1998) Transient disturbances to one limb 
produce coordinated, bilateral responses during infant stepping. J. Neurophysiol. 79: 
2329-2337
ZEHR EP, Stein RB, KOMIYAMA T (1998) Function of sural nerve reflexes during 
human walking. J. Physiol. 507: 305-314
ZEHR EP, Stein RB (1999) What functions do reflexes serve during human 
locomotion? Prog. Neurobiol. 58: 185-205
ZEHR EP, Hesketh KL, Chua R (2001) Differential regulation of cutaneous and H- 
reflexes during leg cycling in humans. J. Neurophysiol. 85: 1178-1184
ZEHR EP, Kido A (2001) Neural control of rhythmic, cyclical human arm movement: 
task dependency, nerve specificity and phase modulation of cutaneous reflexes. J. 
Physiol. 537: 1033-1045
109
1 1 0
Samenvatting
Dit proefschrift beschrijft zes studies over de invloed van actieve bewegingen en het 
lichaamsgewicht op reflexen in met name de beenspieren. Om deze invloed te meten, 
werd proefpersonen gevraagd om te lopen met verschillende gewichten (voor extra 
gewicht een rugzak, voor minder gewicht een harnas met een tegengewicht) of met 
verschillende actieve bewegingen (met de armen zwaaien of actief lopen) terwijl 
verschillende reflexen werden gemeten. Hoofdstuk 2 beschrijft de invloed van extra 
(tegen)gewicht op huidreflexen in verschillende fasen van de stapcyclus. Hoofdstuk 3 
beschrijft de invloed van passieve en actieve loopbewegingen op dezelfde 
huidreflexen. Men ziet wat de beweging zelf voor invloed heeft op de regulatie van 
deze reflex. In hoofdstuk 4 wordt een beschrijving gegeven van de invloed van het 
dragen van extra gewicht gedurende langere tijd op een compensatoire reflex die 
optreedt na een verstoring van het looppatroon. Hoofdstuk 5 gaat over het onderzoek 
naar de invloed van de heuphoek op de grootte van de buigreflex tijdens statische en 
dynamische taken. In hoofdstuk 6 en 7 is de coördinatie tussen armen en benen 
onderzocht. Eerst tijdens verschillende motorische taken, zoals lopen en zwemmen 
(hoofdstuk 6). Daarna werd specifiek gekeken naar de neuronale coördinatie tussen 
arm- en beenbewegingen (hoofdstuk 7). De volgende secties vatten de resultaten en 
conclusies van deze experimenten samen.
Hoofdstuk 2: M odulatie van huidreflexen door belastingsreceptoren tijdens het 
lopen
Om de invloed van het lichaamsgewicht op huidreflexen te meten, hebben gezonde 
proefpersonen gevraagd op een lopende band te lopen met verschillende gewichten. 
Tijdens het lopen werden reflexen opgewekt door stimulatie van de Suralis zenuw. De 
studie liet zien dat huidreflexen groter werden als het lichaamsgewicht kleiner werd. 
Dus hoe meer gewicht men draagt, hoe kleiner de reflexen. De reflexen waren echter 
niet een eenvoudige functie van de hoeveelheid achtergrondactiviteit. In de 
gastrocnemius medialis en soleus spier bijvoorbeeld, traden de grootste reflexen op 
tijdens het lopen met tegengewicht, terwijl de achtergrondactiviteit kleiner was. Wij 
nemen aan dat belastingsreceptoren betrokken zijn bij de regulatie van huidreflexen 
om het looppatroon aan te passen aan de biomechanische omstandigheden.
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Hoofdstuk 3: Fase-afhankelijke modulatie van huidreflexen in robot-geassisteerd 
lopen
Om te bepalen hoe belangrijk de bewegingsfeedback is op de modulatie van reflexen, 
werd aan gezonde proefpersonen gevraagd te lopen op een lopende band met behulp 
van een bestuurde loop-orthese met verschillende gewichten. Met dit apparaat kan een 
looppatroon aan de benen worden opgelegd, zodat de proefpersoon ‘passief’ kan 
lopen. Tijdens verschillende fasen van de stapcyclus werden de huidreflexen 
opgewekt. ‘Passief’ lopen resulteerde in aan verkleining van de reflexamplitude, maar 
een gedeelte van de fase-afhankelijke modulatie bleef bestaan. Echter de reflex-omslag 
van positieve naar negatieve antwoorden, die tijdens normaal lopen aan het einde van 
de zwaaifase optreedt in de tibialis anterior spier, verdween geheel tijdens het 
geassisteerde lopen. Ook ontlasten van het lichaams-gewicht tijdens het geassisteerd 
lopen had een remmend effect op de grootte van de reflex. Er wordt geconcludeerd dat 
bewegingsfeedback gedeeltelijk verantwoordelijk is voor de fase-afhankelijke 
modulatie, maar andere basale reflex-eigenschappen, zoals de omslag van positieve 
naar negatieve waarde, actief lopen vereist.
Hoofdstuk 4: Reflex aanpassingen tijdens lopen op de lopende band met extra 
gewicht
In dit experiment liepen proefpersonen op de lopende band met een rugzak van 15 kg 
gedurende ongeveer 45 minuten. Ervoor en erna werd het gewicht weggehaald en liep 
de proefpersoon met zijn normale lichaamsgewicht. Tijdens het lopen werden kleine 
storingen aan het rechterbeen aangebracht door die zijde van de lopende band kort te 
versnellen. In het algemeen kon worden gezegd dat een compensatoire reflex het 
duidelijkst te zien was in de rechter gastrocnemius medialis spier (GMR) en bestond 
uit een korte negatieve en een daaropvolgend positieve component. Beide 
componenten waren groter als men met de rugzak liep. Tijdens de rugzakfase werden 
twee verschillende aanpassingen geobserveerd. In de ene groep hadden de 
proefpersonen in het begin een relatief kleine reflex en de reflexen namen toe in de 
loop van de tijd. Na het weghalen van de rugzak gingen de reflexen langzaam terug 
naar de grootte van reflexen die tijdens het normale lopen optreden. In de tweede 
groep gebeurde het tegenovergestelde: tijdens het lopen met de rugzak was de 
spieractiviteit eerst erg hoog en ging daarna langzaam omlaag tot baseline niveau. Na 
het weghalen van de rugzak was de reactie van de reflex hetzelfde als in de eerste 
groep: langzame adaptatie naar controle waarden. De resultaten suggereren dat
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belastingsinformatie niet eenvoudigweg als een vaste input/output verhouding van de 
actuele biomechanische condities gebruikt kan worden of gebruikt wordt. Het ziet er 
eerder naar uit dat belastingsinformatie gebruikt wordt om de reflexen langzaam aan te 
passen, om de favoriete houding tijdens het lopen te verkrijgen.
Hoofdstuk 5: De invloed van de heuphoek op de buigreflexmodulatie tijdens 
statische en dynamische condities
In dit onderzoek werd de flexor reflex bekeken onder verschillende omstandigheden: 
tijdens dynamische en statische condities. De proef tijdens statische condities werd 
uitgevoerd om de precieze invloed van de heuphoek op de buigreflex te onderzoeken. 
De statische conditie was onderverdeeld in twee taken: liggen met en zonder extra 
heupextensie van 20°. Tijdens beide taken werd het verloop van de reflexen 
onderzocht als gevolg van oplopende intensiteiten. De resultaten lieten geen verschil 
zien in het gedrag van de reflex tijdens verschillende condities tussen deze twee 
condities wanneer de stimulatie-intensiteit hoog is. Dat betekent dat de heuphoek geen 
invloed heeft op de grootte van deze reflex bij hoge intensiteiten. Bij lage intensiteiten 
lijkt er een modulatie te zijn (meer reflex tijdens liggen met heuphoek). In beide 
condities nam de reflexgrootte en duur toe met toenemende stimulatie, terwijl de 
latentietijd hetzelfde bleef.
De dynamische conditie bestond uit het lopen op de lopende band. Tijdens het lopen 
werden de buigreflexen op tijdstippen tijdens de stapcyclus opgewekt waar de 
heuphoek vergelijkbaar was met de hoek gemeten tijdens de statische conditie: midden 
van de standfase (hier is de heup gestrekt), einde van de standfase en begin van de 
zwaaifase (waar de heup in 20° extensie is), en aan het einde van de zwaaifase (hier is 
de heup in 20° flexie). Gedurende deze laatste fase werd gemeten om een volledig 
overzicht van de heupinvloed te krijgen. De stimulatie werd in drie verschillende 
intensiteiten gegeven. Net als in de statische conditie leken de reflexen tijdens het 
lopen ook gemoduleerd te zijn bij lage stimulatie-intensiteiten. Eind stand- en einde 
zwaaifase waren de reflexen het grootst. Tijdens het begin van de zwaaifase waren de 
reflexen kleiner, alhoewel de heuphoek even groot was als tijdens het einde van de 
standfase. Antwoorden van de tibialis anterior spier waren zowel afhankelijk van de 
stimulatie intensiteit als van de fase. De conclusie van dit onderzoek is dat de 
buigreflex tamelijk resistent is tegen veranderingen van de heuphoek en de fase van de 
stapcyclus behalve wanneer de stimulatieintensiteit laag is. In dit geval lijkt dat de 
antwoorden groter zijn wanneer de heup in extensie is.
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Hoofdstuk 6: Arm - been coördinatie tijdens lopen, kruipen en zwemmen
In deze studie werd proefpersonen gevraagd verschillende motorische taken uit te 
voeren waarbij er een koppeling is tussen arm- en beenbewegingen, zoals zwemmen, 
lopen en kruipen. Er werd waargenomen dat er in al deze taken een vaste cyclische 
verhouding was tussen de arm- en beenbewegingen. Deze was 1:1, 2:1 of hoger. Zelfs 
het vertragen van een beweging door bijvoorbeeld te zwemmen met zwemvliezen, 
veroorzaakte geen verandering in de gevonden coördinatie. Er kon worden 
geconcludeerd dat de arm -  been coördinatie altijd aanwezig blijft. Dit geldt niet alleen 
tijdens het lopen, maar ook tijdens andere motorische taken. Dit kan een systeem 
suggereren van twee verschillende maar gekoppelde centra in het ruggemerg, die 
gebaseerd zijn op het lopen met vier ledematen.
Hoofdstuk 7: Neuronale coördinatie van arm  en been bewegingen tijdens het 
lopen
In deze studie werd de neuronale koppeling tussen de ledematen tijdens het lopen 
onderzocht met behulp van reflexen die op 2 verschillende manieren zijn opgewekt: 
een mechanische verschuiving en een elektrische stimulatie. De laatste stimulatie was 
gedaan om zeker te weten dat de reflexen, die opgewekt werden door de mechanische 
verschuiving aan het rechterbeen, van neuronale aard waren en geen biomechanische 
reacties. De verschuivingen werden gevolgd door specifieke electromyographische 
reacties van de spieren van het rechterbeen en armspieren. De meeste armspier reacties 
kwamen met een latentietijd tussen de 65 en 80 ms en waren groter in de deltoideus 
spier en tricpes spier dan in de bicepsspier. Als de verschuiving plaatsvond hadden de 
reflexen een sterkere correlatie met de tibialis anterior (TA) spier dan met de 
gastrocnemius medialis (GM) spier. Zowel de mechanische als de elektrische 
stimulatie gaven grote reflexen als ze tijdens het midden van de standfase werden 
gegeven. Reflexen van de armspieren waren bijna geheel afwezig tijdens statische 
condities, wat een taak-specifieke neuronale koppeling tussen de armen en benen 
suggereert. Het feit dat er een sterkere reflex was wanneer de TA actief was dan 
wanneer de GM actief was suggereert een verschillende koppeling tussen de 
ledematen voor flexoren en extensoren tijdens lopen.
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Zusammenfassung
Diese Dissertation basiert auf sechs Studien, die den Einfluss des Körpergewichtes und 
der aktiven Bewegungen auf Reflexantworten der Beinmuskulatur analysieren. Um 
diesen Zusammenhang messen zu können, wurden die Probanden entweder instruiert, 
mit unterschiedlich schweren Gewichten zu laufen oder zu laufen, während sie 
zeitgleich zusätzlich verschiedene aktive Bewegungen (z. B. mit den Armen 
schwingen) durchführten. Währenddessen wurden verschiedene Reflexantworten 
gemessen.
Kapitel 2 beschreibt den Einfluss von zusätzlichen Gewichten, welche die Probanden 
in einem Rucksack tragen mussten, auf kutane Reflexe während verschiedener Phasen 
des Schrittzykluses. Kapitel 3 handelt von der Beeinflussung passiver bzw. aktiver 
Laufbewegungen auf die oben beschriebenen Reflexantworten; es wird die 
Abhängigkeit der Reflexe von Bewegungen analysiert. Kapitel 4 beschreibt den 
Zusammenhang zwischen dem Tragen zusätzlicher Gewichte und kompensatorischen 
Reflexen, wie sie bei Unterbrechung des Gangmusters auftreten. Kapitel 5 handelt von 
dem Zusammenhang zwischen der Größe des Hüftwinkels und dem Ausmaß des 
Flexorreflexes während statischer und dynamischer Konditionen. In den Kapiteln 6 
und 7 wird die Koordination zwischen Arm-/Beinbewegungen dargestellt; zuerst unter 
allgemeinen motorischen Bedingungen (z.B. Laufen oder Schwimmen) und 
anschließend unter spezifischen Bedingungen (siehe neuronale Koordination zwischen 
Armen und Beinen, Kapitel 7). Die anschließenden Abschnitte beinhalten eine 
Zusammenfassung der Resultate und die Schlussfolgerungen aus den obigen 
Versuchen.
Kapitel 2: M odulation kutaner Reflexe durch Belastungsrezeptoren w ährend des 
Gehens
Um den Einfluss des Körpergewichtes auf kutane Reflexen messen zu können, 
mussten die Probanden mit verschieden schweren Gewichten auf einem Laufband 
laufen. Während des Laufens wurden die kutane Reflexe durch Stimulation des N. 
Suralis ausgelöst. Die Studie konnte zeigen, dass das Ausmaß der kutanen 
Reflexantwort zunahm, wenn das Gewicht der Probanden (bestehend aus
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Körpergewicht und zusätzlichen Gewichten) abnahm. Andererseits galt, dass die 
kutane Reflexantwort umso geringer ausfiel, je mehr Gewichte der Proband trug. 
Dadurch konnte gezeigt werden, dass die Reflexe nicht lediglich durch die neuronale 
Hintergrundsaktivität entstanden sind. Es konnte des Weiteren gezeigt werden, dass 
die Reflexantworten des M. Gastrocnemius Medialis und des M. Soleus am größten 
waren, wenn das Körpergewicht entlastet wurde (was bedingt ist durch eine Abnahme 
der neuronalen Hintergrundaktivität). Schlussfolgernd kann davon ausgegangen 
werden, dass die Belastungsrezeptoren die kutanen Reflexe beeinflussen, um das 
Gangbild den durch das Gehen entstehenden physiologischen Veränderungen anpassen 
zu können.
Kapitel 3: Phase-abhängige M odulation der kutanen Reflexe w ährend des 
Roboter-unterstützten Gehens
Um herausfinden zu können, wie sich die Modulation der Reflexe in Abhängigkeit von 
der Bewegung verhält, wurden die mit verschiedenen Gewichten bestückten 
Probanden instruiert, auf einem Laufband mittels einer Gehorthese zu gehen. Die 
Gehorthese ist ein Gerät, das ein Laufmuster generieren kann, welches eine passive 
Laufbewegung des Probanden ermöglicht. Im Folgenden konnten dadurch beim 
Probanden passive Laufbewegungen ausgelöst werden.
Während verschiedener Phasen der Schrittzyklen wurden anschließend kutane Reflexe 
ausgelöst. Während des „passiven“ Laufens des Probanden entstanden abnehmende 
Reflexgrößen, wobei ein Teil der phase-abhängigen Modulation erhalten blieb. Die 
phase-abhängige physiologische Reflexveränderung am Ende der Schwungphase des 
M. Tibialis Anterior von einer positiven in eine negative Antwort trat während des 
„passiven“ Laufens nicht mehr auf. Auch die Entlastung des Körpergewichtes 
während des assistierten Laufens hatte eine reduzierende Wirkung auf die 
Reflexgröße. Zusammenfassend kann man sagen, dass das Bewegungsfeedback für 
einen Teil der phase-abhängigen Modulation verantwortlich ist, wobei andere 
Grundeigenschaften kutaner Reflexe nur bei „aktivem“ Laufen auftreten.
Kapitel 4: Reflexadaptation während des Laufens auf einem Laufband mit 
zusätzlichen Gewichten
In diesem Versuch gingen die Probanden ca. 45 Minuten lang auf einem in der Mitte 
geteilten Laufband. Die Probanden trugen während dieser Zeit einen mit 15 kg
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beschwerten Rucksack. Vor und nach diesem 45-minütigen Versuch wurde den 
Probanden der Rucksack entfernt, so dass sich das Gesamtgewicht auf ihr normales 
Körpergewicht reduzierte. Während die Probanden auf dem Laufband liefen, wurden 
geringe Veränderungen der Laufbandgeschwindigkeit (Beschleunigungen) an dem 
rechten Laufbandteil ausgelöst, so dass das Laufmuster des rechten Beines 
unterbrochen wurde. Im Allgemeinen kann gesagt werden, dass die dadurch 
ausgelösten kompensatorischen Reflexe am deutlichsten am rechten M. gastrocnemius 
medialis aufgetreten sind, wobei die kompensatorischen Reflexe jeweils aus einer 
kurzen negativen und einer darauffolgenden positiven Komponente bestanden. Beide 
Komponenten vergrößerten sich, wenn die Probanden mit dem gewichtsbeladenen 
Rucksack auf dem Laufband liefen. Während die Probanden mit dem Rucksack liefen, 
traten zwei verschiedene Adaptionen der Reflexe auf. Die Probanden der erste Gruppe 
hatten am Anfang relativ kleine Reflexe. Die Reflexamplituden nahmen mit der Zeit 
zu. Nachdem die Probanden den Rucksack ablegten, reduzierte sich das Ausmaß der 
Reflexe auf ein physiologisches Maß, wie man es bei normalem Gehen beobachten 
kann. In der zweiten Gruppe passierte das Gegenteil: Während des Laufens mit dem 
Rucksack war die Muskelaktivität am Anfang sehr hoch, reduzierte sich aber mit der 
Zeit auf ein Grundniveau. Das Ablegen des Rucksacks bewirkte, dass eine 
Reflexantwort ähnlich derjenigen der ersten Gruppe entstand: eine langsame 
Adaptation zu physiologischen Werten. Die Resultate weisen darauf hin, dass 
Belastungsinformationen nicht als ein festes Input/Output-Verhältnis angesehen 
werden sollten. Es sieht eher danach aus, dass dieses Verhältnis bewirkt, dass sich die 
Reflexe adaptieren, um eine ideale Körperhaltung während des Gehens ermöglichen 
zu können.
Kapitel 5: Der Einfluss des Hüftwinkels auf die M odulation des Biegereflexes 
während statischen und dynamischen Konditionen
Dieses Experiment analysiert den Biegereflex unter statischen und dynamischen 
Bedingungen. Der Versuch wurde unter statischen Bedingungen durchgeführt, um den 
Einfluss des Hüftwinkels auf den Biegereflex zu untersuchen, wobei der Versuch 
wiederum in zwei Teile unterteilt wurde: Zuerst wurde der Proband im Liegen 
untersucht (Hüfte ist gestreckt) und anschließend im Liegen mit einer Hüftextension 
von 20°. Unter beiden statischen Bedingungen wurde der Verlauf des Reflexes bei 
zunehmender Stimulationsintensität untersucht. Die Resultate zeigten keinen 
Unterschied im Reflexverhalten beider statischen Konditionen, solange die 
Stimulationsintensität hoch war. Es kann deshalb davon ausgegangen werden, dass bei
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hoher Stimulationsintensität der Hüftwinkel keinen Einfluss auf die Reflexantwort hat. 
Bei niedrigerer Stimulationsintensität scheint hingegen eine Veränderung der 
Reflexantwort in Abhängigkeit vom Hüftwinkel vorhanden zu sein (größere 
Reflexantwort bei Hüftextension von 20°). Bei beiden Konditionen (Liegen mit und 
ohne Hüftextension) nahmen Reflexgröße und Dauer der Reflexantwort zu, wenn die 
Stimulationsintensität zunahm. Die Latenz blieb ungefähr gleich.
Bei der dynamischen Kondition lief der Proband auf einem Laufband. Während des 
Gehens wurde dabei der Biegereflex zu dem Zeitpunkt des Schrittzykluses ausgelöst, 
bei dem der Hüftwinkel dem Hüftwinkel unter statischen Bedingungen entsprach: in 
der Mitte der Standphase (Hüfte ist gestreckt), am Ende der Standphase und am 
Anfang der Schwungphase (Hüfte befindet sich in 20° Extension) sowie am Ende der 
Schwungphase (Hüfte befindet sich in 20° Flexion). Der Biegereflex wurde auch am 
Ende der Schwungphase gemessen, um den totalen Einfluss des Hüftwinkels auf die 
Reflexantwort analysieren zu können. Die Stimulation erfolgte mit drei verschiedenen 
Intensitäten. Im Vergleich zu den statischen Konditionen konnte gezeigt werden, dass 
die Reflexantwort während des Gehens auch bei niedrigerer Stimulationsintensität 
vom Ausmaß der Hüftextension abhing: Die Reflexe waren am Ende der Standphase 
und am Ende der Schwungphase am größten. Am Anfang der Schwungphase waren 
die Reflexantworten kleiner, obwohl der Hüftwinkel gleich groß war wie am Ende der 
Standphase. Die Reflexamplituden des M. Tibialis Anterior waren abhängig von der 
Stimulationsintensität und der Phase des Schrittzyklus.
Zusammenfassend kann gesagt werden, dass das Ausmaß des Biegereflexes stark 
abhängig ist von der Änderung des Hüftwinkels und der Phase des Schrittzykluses 
unter der Voraussetzung, dass die Stimulationsintensität relativ tief ist, da dann die 
Reflexantwort größer ist, wenn sich die Hüfte in Extension befindet.
Kapitel 6: Arm-Bein-Koordination während des Gehens, Kriechens und 
Schwimmens
In dieser Studie haben die Probanden verschiedene motorische Aufgaben ausgeführt, 
wobei die Koordination der Arm-/Beinbewegungen beim Gehen, Schwimmen und 
Kriechen gemessen wurde. Unter allen drei Konditionen konnte eine festgelegte 
zyklische Kopplung zwischen den Arm- und Beinbewegungen festgestellt werden. 
Diese war 1:1, 2:1 oder höher. Sogar das Abbremsen einer Bewegung, wie sie z. B. 
beim Schwimmen mit Flossen entsteht, entkoppelt die Arm-/Beinbewegungen nicht 
voneinander. Es kann deshalb davon ausgegangen werden, dass eine Arm-Bein-
118
Koordination immer besteht: nicht nur während des Gehens, sondern auch während 
anderer motorischer Aufgaben. Dieser Zusammenhang könnte darauf hindeuten, dass 
sich im Rückenmark zwei unterschiedliche, aber miteinander koordinierte motorische 
Zentren für die Arm- und Beinbewegung befinden. Ursächlich für diesen 
Zusammenhang könnte das Gehen auf vier Beinen der Säugetiere in Frage kommen.
Kapitel 7: Neuronale Koordination der Arme und Beine w ährend des Laufens
Diese Studie handelt von der neuronalen Koordination der Glieder der Extremitäten 
während des Gehens auf einem Laufband, untersucht mit Hilfe von Reflexaktivität, die 
entweder durch mechanische Störung (durch ein asynchrone Geschwindigkeits­
veränderung des rechten Laufbandabschnittes) oder durch elektrische Stimulation 
ausgelöst wurde. Es sollte mit diesem Versuch gezeigt werden, das die durch die 
Verschiebung des rechten Beines ausgelöste Reflexantwort neuronaler und nicht 
biomechanischer Genese ist. Diese asynchrone Geschwindigkeitsveränderung löste 
spezifische elektromyographische Reaktionen in der Armmuskulatur und der 
Muskulatur des rechten Beines aus. Die meisten Reaktionen der Armmuskeln hatten 
eine Latenz zwischen 65 und 80 ms und waren im M. Deltoideus und M. Triceps 
Brachii größer als im M. Biceps Brachii. Die Armmuskulatur korrelierte enger mit 
dem M. Tibialis Anterior, als mit dem M. Gastrocnemius medialis. Sowohl die 
mechanische, als auch die elektrische Stimulation lösten große Reflexantworten aus, 
wenn sie in der Mitte der Standphase appliziert wurden. Während der statischen 
Konditionen wurden kaum Reaktionen in der Armmuskulatur beobachtet. Das deutet 
darauf, dass eine Aufgaben-spezifische neuronale Kopplung zwischen Armen und 
Beinen besteht. Die Tatsache, dass die Reflexaktivität größer war, wenn der TA 
aktiviert wurde, deutet darauf hin, dass eine unterschiedliche Kopplung zwischen den 
Gliedmaßen für Flexoren und Extensoren während dem Gehens besteht.
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